
u 
3 

I F -' . .  - BELLCOMM, INC.  
1100 SEVENTEENTH STREET, N.W. WASHINGTON, D.C. 20036 

COVER SHEET FOR TECHN I CAL MEMORANDUM 

- 

vl TITLE- Apparent Places of Stars '?I p m r D  
I r l m  

U Q  k. cv 
3 r  ? 

IC' 

r- FILING CASE llO(S)- 310 
c 

TM- 68-2014-4 
DATE- June 12, 1968 

s \ GPO PRICE 00 FILING SUBJECT(S)- Positional Astronomy 
(ASSIQNED BY AUTHOR(S)- A. C .  Brown, Jr. 

CSFTl PRICE(S) $ 

ABSTRACT 
Hard copy (HC) 

Microfiche (MF) 

fl653 duly 65 

This memorandum discusses the theory of the deter- 
mination of the apparent place of a star. The presentation 
identifies three fundamental effects that affect the numerical 
place of a star. First are the physical phenomena that affect 
the actual seeing of a star. Specifically, they are proper 
motion, parallax, and aberration. Second are the changes in 
the coordinate systems due to nutation and precession. Third 
is time which specifies when stars are seen and the epoch of 
coordinate systems. 

This memorandum gives two methods for computing to 
within 5 x radians the star's apparent place referred to 
the geocentric mean equator-equinox cocrdinate system of the 
nearest Besselian New Year. One method uses the star's 
reference apparent place in the "Apparent Place of Fundamental 
Stars"; the other uses the star's mean place of the same 
2atalog. Both methods are equally accurate, but the method 
ising mean place is preferred because it requires about one-half 
the input data of that using the apparent place. 

* .  

SEE REVERSE SIDE FOR DlSTR ON LIST 



. .  
BELLCOMM, INC: - *  

4 .-. 
TM- 68-2014-4 . -  

Dl STR I BUT I ON 

COMPLETE MEMORANDUM T O  - 

I CORRESPONDENCE FILES: 

O F F I C I A L  FILE COPY 

plus one w h i t e  copy for each 
addit ional  case referenced 

T E C H N I C A L  L I B R A R Y  (41 

GSFC 

Messrs. B. Kruge/551 

MSC - 

E. H. Brock/ED 
M. D. Cassetti/FM6 
K. J. Cox/EG23 
M. T. Cunningham/ED3 
J. E. Dornback/TA3 
L. C. Dunseith/FS 
J. Funk/FM8 
R. A. Gardiner/EG 
T. F. Gibson/FS5 
P. C. Kramer/CF24 
R. D. McCafferty/HW 
J. C. McPherson/FM4 
J. P. Mayer/FM 
J. L. Modisette/TG 
W. J. North/CF 
J. W. Van Artsdalen/EG24 
J. C. Stokes/FS5 
J. E. Williams/FS5 

I MSFC 

C. D. Baker/R-AERO 
C. L. Bradshaw/R-COMP 
W. K. Dahm/R-AERO 
C. H. Mandel/R-ASTR 
F. B. Moore/R-ASTR 
W. W. Vaughan/R-AERO 

I a .  

Be 1 1 c omm 

Messrs. F. C. Allen 
G. M. Anderson 
D. R. Anselmo 
C. Bidgood 
I. Bogner 

J. 0. Cappellari 
D. A. Chisholm 
D. A. Corey 
W. 0. Covington 
D. A. DeGraaf 
J. P. Downs 
W. B. Gevarter 
D. R. Hagner 
P. L. Haverstein 
W. G. Heffron 
H. A. Helm 
J. J. Hibbert 
N. W. Hinners 
B. T. Howard 
D. B. James 
J. Kranton 
M. Liwshitz 
J. L. Marshall 
K. E. Martersteck 
J. Z. Menard 
V. S. Mummert 
B. G. Niedfeldt 
G. T. O r r o k  
J. L. Powers 
P. E. Reynolds 
I. M. Ross 
F. N. Schmidt 
R. V. Sperry 
w. B. Thompson 
J. W. Timko 
G. B. Troussoff 

* 

+ 
i 

A. P. Boysen, Jr. / 

J. M. Tschirgi ,55 

Miss G. M. CaUWelS I) 

J. E. Volonte 
R. L. Wagner 

Mrs. S. B. Watson 
Miss. P. A. Whitlock 

Central Files 
Department 1023 



BELLCOMM, INC. 

TABLE OF CONTENTS 

n 

h 

1 -  

N 
b 

B 
L 

ABSTRACT 

1 . 0  I N T R O D U C T I O N  

2 . 0  APPARENT PLACE 

2 . 1  P r o p e r  Motion 

2 . 2  P a r a l l a x  

2 . 3  A b e r r a t i o n  

2 . 4  Combined P r o p e r  Motion, P a r a l l a x e s ,  and A b e r r a t i o n  

3 . 0  COORDINATE SYSTEMS 

3.1 N u t a t i o n  

3 . 2  P r e c e s s i o n  

4 .0  TIME 

4 . 1  S i d e r e a l  T i m e  

4 . 2  U n i v e r s a l  Time 

4 .3  The T r o p i c a l  Year 

4 . 4  Ephemeris T i m e  

5 . 0  STAR PLACE COMPUTATION 

5 . 1  Reduc t ion  f rom Apparent P l a c e  Data 

5 . 1 . 1  Summary o f  Computation P rocedure  

5 . 1 . 2  I n p u t  

5 . 1 . 3  I n p u t  Data for Sample Computat ion 

5 . 1 . 4  Sample Computation 

5 . 2  Reduc t ion  From Mean P l a c e  Data 

5 . 2 . 1  Summary o f  Computation 

5 . 2 . 2  I n p u t  



Y 

BELLCOMM, INC. - 2 -  

5.2.3 

5.2.4 Sample Computation 

Input Data For Sample Computation 

6.0 CONCLUSION 

7.0 ACKNOWLEDGEMENTS 

8.0 REFERENCES 

APPENDIX A - Relativistic Aberration 
APPENDIX B - E-Term of Aberration 

APPENDIX C - Nutation 
APPENDIX D - Time of Greenwich Transit 



BELLCOMM, I N C .  
1100 Seventeenth Street, N.W. Washington, D. C. 20036 

. . 

8 

b 

SUBJECT: Apparent  P l a c e s  of S t a r s  
Case 310 

TZCHNICAL MEMORANDUM 

1 . 0  I N T R O D U C T I O N  

DATE: June  1 2 ,  1968 

FROM: A .  C . Brown, Jr .  

I n  t h e  Apol lo  program,  a n  a s t r o n a u t  n a v i g a t e s  i n  
s p a c e  by measur ing  t h e  ang le  between a s t a r  and a p l a n e t  or 
a landmark on t h e  p l a n e t .  A s t a t i s t i c a l ' n a v i g a t i o n  r o u t i n e  
u s e s  t h e  d i f f e r e n c e  between t h i s  measured a n g l e  and t h e  ex-  
p e c t e d  a n g l e  t o  u p d a t e  t h e  e s t i m a t e  of  t h e  s p a c e c r a f t ' s  
p o s i t i o n  and v e l o c i t y  r e l a t i v e  t o  some r e f e r e n c e .  To compute 
t h i s  e x p e c t e d  a n g l e ,  t h e  a s t r o n a u t  must know t h e  a p p a r e n t  
p l a c e  of  t h e  s t a r  and t h e  p l a n e t ;  t ha t  i s ,  he m u s t  know whei?e 
t h e y  can  be s e e n .  
p l a t f o r m  t o  a known a t t i t u d e  so  t h a t  t h r u s t i n g  can  be measured.  

S t a r s  a r e  a l s o  used  t o  a l i g n  t h e  i n e r t i a l  

T h i s  r e p o r t  shows how t o  d e t e r m i n e  t h e  a p p a r e n t  
p l a c e s  o f  s ta rs  from r e f e r e n c e  data.  S p e c i f i c a l l y ,  t h e  s t a r ' s  
a p p a r e n t  p l a c e  f o r  a n  ear th  c e n t e r e d  o b s e r v e r  i s  computed, 
because  n a v i g a t i o n  f o r  Apollo i s  performed r e l a t i v e  t o  t h e  
e a r t h  d u r i n g  a l a r g e  p o r t i o n  of  t h e  m i s s i o n .  The s t a r ' s  a p p a r e n t  
p l a c e  i s  r e f e r r e d  t o  t h e  mean g e o c e n t r i c  equa to r -equ inox  co- 
o r d i n a t e  sys tem o f  t h e  n e a r e s t  E e s s e l i a n  New Year because  t h i s  
i s  t h e  s t a n d a r d  i n e r t i a l  c o o r d i n a t e  sys tem used  for Apol lo .  
Two t e c h n i q u e s  f o r  computing t h e  a p p a r e n t  p l a c e  t o  t h e  same 
o r d e r  of a c c u r a c y  ( 5  x 10-8 r a d i a n s )  as t h e  s t a r  da ta  g i v e n  
i n  t h e  "Apparent P l a c e s  of Fundamental  Stars"  (APFS) r e f e r e n c e  
are d i s c u s s e d .  One u s e s  t h e  a p p a r e n t  s ta r  p l a c e  d a t a  of  t h i s  
r e f e r e n c e ;  t h e  o t h e r  u s e s  t h e  mean s t a r  p l a c e  data o f t h i s  
r e f e r e n c e .  

The American Ephemeris ( A . E . )  i s  t h e  s t a n d a r d  s t a r  
c a t a l o g  for Apol lo .  Although t h e  A.E. i s  n o t  as a c c u r a t e  
(5 x r a d i a n s )  as t h e  APFS, t h e  A.E. i s  more t h a n  adequa te  
because  t h e  s e x t a n t ,  t h e  pr imary o p t i c a l  n a v i g a t i o n  i n s t r u m e n t  
for Apol lo ,  can  o n l y  be  p o s i t i o n e d  t o  w i t h i n  10'' ( 5  x 
r a d i a n s ) .  The APFS i s  used  f o r  t h i s  memorandum f o r  two r e a s o n s :  
F i r s t ,  i t  has two d i f f e r e n t  k i n d s  of  s ta r  data which a l l o w s  one 
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to compare and thus insure the correctness of the two computa- 
tional techniques. Second, the effects of most all factors 
bearing on the apparent place determination of stars are evident 
because the APFS is sufficiently accurate. 

The determination of the apparent place of a star is 
dependent on certain physical phenomena when the reference 
direction toward a star is specified at a time different from 
the time of observation and at a position different from the 
observer's. Section 2 of this report discusses these phenomena. 

The mean place and the apparent place of a star given 
in APFS are both referred to certain coordinate systems. 
3 of this report deals with these coordinate systems and the 
transformation required to go to the adopted inertial system. 
In particular, the term "mean equator-equinox" is defined. 

Time is the parameter that specifies the occurrence 
of physical phenomena. Time must be specified both for ap- 
parent places and f o r  coordinate systems which are dependent 
upon the dynamics of the solar system. Section 4 is devoted 
to this important topic. In this section, the Besselian New 
Year is defined. 

Section 

Section 5 gives the specifics of the two methods 
for computing the apparent place of a star. A numerical ex- 
ample of each method is also given. 

given in Section 5. 
Section 6 gives conclusions based on the results 
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2 . 0  APPARENT PLACE 

v 

. 

b 

Y 

The s e e i n g  of  an o b j e c t  i s  dependent  upon t h e  l i g h t  
r e f l e c t e d  or r ad ia t ed  b y  t h a t  o b j e c t .  L i g h t  t r a v e l s  outward 
from t h e  o b j e c t  i n  a s e r i e s  of  waves.  I n  t h r e e  d i m e n s i o n a l  
s p a c e ,  these  waves ape s u r f a c e s  o f  c o n s t a n t  phase  known as 
wave f r o n t s .  
of  t hese  t r a v e l i n g  wave f r o n t s  d e s c r i b e s  a r a y  of  l i g h t .  
an  o b s e r v e r  i s  somewhere a l o n g  t h i s  r a y ,  t h e n  t h e  d i r e c t i o n  
o p p o s i t e  t o  t h e  v e l o c i t y  v e c t o r  o f  t h i s  p o i n t ,  when i t  impinges  
upon h i s  e y e ,  d e f i n e s  t h e  i n s t a n t a n e o u s  a p p a r e n t  d i r e c t i o n  t o -  
ward t h e  o b j e c t  t o  t h e  o b s e r v e r .  Astronomers  c a l l  t h i s  t h e  
a p p a r e n t  p l a c e  or p o s i t i o n  of t h e  o b j e c t .  Because t h e  s t a r  
may move i n  t h e  t i m e  between e m i s s i o n  o f  l i g h t  and p e r c e p t i o n  
of i t ,  t h i s  d i r e c t i o n  i s  n o t  g e o m e t r i c ,  b u t  r a t h e r  a p p a r e n t ,  
e v e n  i f  l i g h t  i s  c o n s i d e r e d  t o  t r a v e l  i n  a s t r a i g h t  l i n e .  A s  
a mat ter  of  d e f i n i t i o n ,  t h e  a p p a r e n t  d i r e c t i o n  toward a s t a r  
from t h e  sun  i s  c a l l e d  t h e  mean p l a c e  o f  t h e  s t a r .  

The l o c u s  o f  a p o i n t  f i x e d  on t h e  s u r f a c e  o f  one 
If 

Three e f f e c t s  cause  t h e  o b s e r v e r  t o  view t h e  
s t a r  d i f f e r e n t l y  f rom i t s  mean p l a c e  or, i n  o t h e r  words,  
i t s  r e f e r e n c e  ( w h i c h  i s  t h e  sun  u n l e s s  o t h e r w i s e  s t a t e d )  
d i r e c t i o n .  F i r s t ,  t h e  o b s e r v e r  l o o k s  a t  i t  a t  some t i m e  
o t h e r  t h a n  t h e  r e f e r e n c e  t i m e .  Dur ing  t h i s  t ime  span ,  t h e r e  
i s  a change i n  t h e  s t a r ' s  a p p a r e n t  p o s i t i o n ;  t h i s  change i n  
t h e  a p p a r e n t  d i r e c t i o n  t o  t h e  s t a r  i s  c a l l e d  p r o p e r  mot ion .  
Second,  t h e  o b s e r v e r  i s  l o c a t e d  e l s e w h e r e  t h a n  a t  t h e  r e f e r -  
e n c e ;  t h e  change i n  t h e  a p p a r e n t  d i r e c t i o n  toward t h e  s t a r  
due t o  t h e  o b s e r v e r ' s  p o s i t i o n  i s  c a l l e d  p a r a l l a x .  T h i r d ,  t h e  
o b s e r v e r  moves r e l a t i v e  t o  t h e  r e f e r e n c e .  The change ir;  ap- 
p a r e n t  d i r e c t i o n  toward t h e  s t a r  due t o  t h e  o b s e r v e r ' s  v e l o c i t y  
r e l a t i v e  t o  t h e  r e f e r e n c e  i s  c a l l e d  a b e r r a t i o n .  

8 

A l l  t h r e e  of  t h e s e  e f f e c t s  are p h y s i c a l  phenomena 
and a re ,  t h e r e f o r e ,  i n v a r i a n t  t o  c o o r d i n a t e  t r a n s f o r m a t i o n s .  
Fo r  t h i s  r e a s o n ,  t h e  d i s c u s s i o n  o f  c o o r d i n a t e  sys tems i s  de- 
f e r r e d  t o  t h e  n e x t  s e c t i o n .  I n  t h i s  s e c t i o n ,  p r o p e r  mot ion ,  
p a r a l l a x ,  and a b e r r a t i o n  a r e  d i s c u s s e d ,  b o t h  s epa ra t e ly  and 
c o l l e c t i v e l y .  

2 . 1  ProDer Motion 

P r o p e r  motion i s  d e f i n e d  as t h e  s h i f t  i n  t h e  a p p a r e n t  
d i r e c t i o n  toward  a s t a r  i n  some t i m e  i n t e r v a l .  The s t a r ' s  mean 
p l a c e  g i v e n  i n  APFS i s  g i v e n  a t  a r e f e r e n c e  t ime to .  
o t h e r  t i m e  t ,  t h e  mean p l a c e  i s  g i v e n  by 

A t  some 

- - 
P = Po + Ct-to) y 

where H i s  t h e  mean p l a c e  a t  t h e  d e s i r e d  t ime  t ( i n  y e a r s )  and Fo 
i s  t h e  mean p l a c e  a t  t ime to .  i s  t h e  a n n u a l  p r o p e r  motion o f  
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t h e  s t a r .  For  an  o b s e r v e r  i n  t h e  s o l a r  s y s t e m ,  i t  i s  unnecessa ry  
t o  c o r r e c t  f o r  p r o p e r  motion d u r i n g  t h e  s h o r t  time r e q u i r e d  b y  
t h e  wave f r o n t  t h a t  d e t e r m i n e s  t h e  s t a r  mean p l a c e  t o  t r a v e l  from 
t h e  sun  t o  t h e  o b s e r v e r  ( o r  v i c e  v e r s a ) .  L i g h t  s p a n s  t h e  s o l a r  
s y s t e m  i n  o n l y  some 13 h o u r s ;  s t a r  motion d u r i n g  t h i s  t i m e  i n -  
t e r v a l  i s  t r u l y  n e g l i g i b l e .  

2.2 P a r a l l a x  

P a r a l l a x  i s  t h e  change i n  t h e  a p p a r e n t  d i r e c t i o n  toward 
a s t a r  from i t s  r e f e r e n c e  d i r e c t i o n  caused  by t h e  d i f f e r e n c e  i n  
p o s i t i o n  of  t h e  o b s e r v e r  and o f  t h e  r e f e r e n c e .  Formal ly ,  one 
d e f i n e s  t h e  p a r a l l a x  of  a s t a r  ( I T ,  F i g u r e . 1 )  as t h e  a n g l e  formed 
i n  t h e  p l a n e  c o n t a i n i n g  t h e  s t a r  C ,  t h e  r e f e r e n c e  R ,  and t h e  
o b s e r v e r  0' when t h e  d i s t a n c e  R O '  i s  one a s t r o n o m i c a l  u n i t  and 
t h e  a n g l e  R O ' C  i s  9 0 " .  

0' 

FIGURE I 

Then, 
1 s i n  IT = -- RC 

The o b s e r v e r  i s  not  g e n e r a l l y  i n  t h e  p l a n e  where 
p a r a l l a x  i s  d e f i n e d .  However, one can  s t i l l  d e t e r m i n e  t h e  
a p p a r e n t  d i r e c t i o n  toward  a s t a r  b y  v e c t o r  a d d i t i o n  i f  IT i s  
known. I n  F i g u r e  2 ,  t h e  o b s e r v e r  may a c t u a l l y b e  a t  0 .  R ,  
- O', and C are  t h e  same as i n  F i g u r e  1. 
U R C  

Cal l  RO = R ,  and 
a u n i t  v e c t o r  a l o n g  E. ( A l l  d i s t a n c e s  are  i n  a s t r o n o m i c a l  

m i t s )  
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0’ 

FIGURE 2 

S o l v i n g  f o r  y i e l d s  
- - -  - OC = IRC I I + ~ - R  

( 3 )  

(4) 

F a c t o r i n g  e q u a t i o n  ( 4 )  by t h e  magni tude  of  
f o r  1/RC g i v e s  

and s u b s t i t u t i n g  

C a l l i n g  Go t h e  v e c t o r  a l o n g  E ,  e q u a t i o n  ( 5 )  y i e l d s  

- (6) u = u n i t  (URC - s i n r R )  
0 

where i s  t h e  u n i t  vector of t h e  s t a r ’ s  r e f e r e n c e  d i r e c t i o n  
s p e c i f i e d  a t  t h e  same t i m e  as uo ( t h e  d i f f e r e n c e  i n  t i m e  i n t e r v a l  
f o r  t h e  wavef ron t  t o  p a s s  th rough  t h e  r e f e r e n c e  and t h e  o b s e r v e r  
is i g n o r e d  as i s  e x p l a i n e d  e a r l i e r ) .  

RC 
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Because s t a r  d i s t a n c e s  f rom t h e  s o l a r  sys tem are  
s o  l a r g e  compared t o  t h e  d imens ions  o f  t h e  s o l a r  sys t em,  
t h e  a p p r o x i m a t i o n  

IT = s i n  n 

i s  u s e d ,  and e q u a t i o n  ( 6 )  i s  t h e n  

- 
u = u n i t  (E - T R )  

0 RC 

( 7 )  

where i s  e x p r e s s e d  i n  a s t r o n o m i c a l  u n i . t s ,  and IT i s  expres sed  
i n  r a d i a n s .  

2 . 3  A b e r r a t i o n  

A b e r r a t i o n  c a u s e s  t h e  a p p a r e n t  p l a c e  of  a s t a r  (or 
o b j e c t )  t o  be d i s p l a c e d  forward  of i t s  r e f e r e n c e  p o s i t i o n  i n  
t h e  d i r e c t i o n  of t h e  o b s e r v e r ' s  mo t ion .  One c a n  p i c t u r e  t h e  
e f f e c t  of  a b e r r a t i o n  by c o n s i d e r i n g  a p o i n t  on a wave f r o n t  
of  l i g h t  t r a v e l i n g  t h r o u g h  a t e l e s c o p e  u n t i l  t h e  p o i n t  impinges  
upon a n  o b s e r v e r ' s  e y e .  I f  t h e  o b s e r v e r  i s  a t  r e s t  r e l a t i v e  
t o  t h e  o b j e c t ,  he can  p o i n t  h i s  t e l e s c o p e  ( i n d i c a t e d  by t h e  
d o t t e d  l i n e s  i n  F i g u r e s  3a, 3 b ,  and 4) toward t h e  o b j e c t .  The 
r a y  ( i n d i c a t e d  by t h e  s o l i d  l i n e  i n  t h e  same f i g u r e s )  d e s c r i b e d  
by t h e  p o i n t  on t h e  w a v e f r o n t  impinges  upon t h e  o b s e r v e r ' s  
eye  as i s  shown i n  F i g u r e  3a.  However, i f  t h e  o b s e r v e r  moves 
w i t h  a c e r t a i n  v e l o c i t y  and c o n t i n u e s  t o  l o o k  i n  t h e  same 
d i r e c t i o n ,  t h e  p o i n t  on t h e  w a v e f r o n t  would impinge on t h e  wal l s  
of  t h e  t e l e s c o p e  r a the r  t h a n  on t h e  eye  ( F i g u r e  3 b ) .  

I 
0 

FIGURE 3 
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It i s  t h e n  n e c e s s a r y  t o  t i l t  t h e  t e l e s c o p e  forward  s o  as t o  
c a u s e  t h e  p o i n t  t o  t r a v e l  down t h e  c e n t e E l i n e  of t h e  t e l e s c o p e  
( F i g u r e  4). 

Y 

FIGURE 4 

The amount of t i l t  r e q u i r e d  i s ,  o f  c o u r s e ,  dependent  upon t h e  
o b s e r v e r ' s  v e l o c i t y .  

The a p p a r e n t  d i r e c t i o n  toward  a s t a r  can be found 
b y  v e c t o r  a d d i t i o n  of v e l o c i t i e s  i f  t h e  o b s e r v e r  and t h e  
r e f e r e n c e  occupy t h e  same p o s i t i o n  and i f  t h e  o b j e c t i o n  t o  t h e  
a d d i t i o n  o f  v e l o c i t i e s  r a i s e d  by  r e l a t i v i t y  t h e o r y  can b e  ove r -  
come. Appendix A shows t h a t  t h e  d i f f e r e n c e  between r e l a t i v i s t i c  
and n o n - r e l a t i v i s t i c  a b e r r a t i o n  caused  by  t h e  e a r t h ' s  o r b i t a l  
v e l o c i t y  a b o u t  t h e  sun i s  n e g l i g i b l e ,  b e i n g  on ly  

6 = - 0 . 2 5  x r a d i a n s  
-8 

w h i l e  t h e  s t a r ' s  p l a c e  i n  t h e  APFS i s  g i v e n  t o  on ly  5 x 1 0  
r a d i a n s .  

- 
I n  F i g u r e  5a, VRc i s  t h e  v e l o c i t y  of  a p o i n t  o f  l i g h t  

toward  t h e  r e f e r e n c e .  To i s  t h e  v e l o c i t y  o f  t h e  same p o i n t  
toward  t h e  o b s e r v e r .  And v i s  t h e  v e l o c i t y  of t h e  o b s e r v e r  
r e l a t i v e  t o  t h e  r e f e r e n c e .  



I 
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8 

- 
V 

FIGURE 5 
one has 

- - v = v,, - v  
0 

- 
V 

(9) 

Apparent  d i r e c t i o n s  ape  d e f i n e d  by u n i t  v e c t o r s  Eo and uRc 
( see  F i g u r e  5 b )  s o  

- - - -v uo = -vRc URC - v 
0 

where VRc = c ,  t h e  speed  o f  l i g h t .  S u b s t i t u t i o n  g i v e s  

- - -vo uo = -c URC - T  

Div ide  t h r o u g h  by c and u n i t i z e  

T h i s  i s  t h e  d e s i r e d  e x p r e s s i o n  for t h e  s t a r ' s  a p p a r e n t  
d i r e c t i o n  due to a b e r r a t i o n .  



BELLCOMM. INC. - 9 -  

l -  
I -  

s 

2 . 4  Combined P r o p e r  Motion, P a r a l l a x ,  and  A b e r r a t i o n  

and  a b e r r a t i o n  a r e  a l l  p r e s e n t .  T h e r e f o r e  a n  e q u a t i o n  f o r  t h e  
s t a r ' s  a p p a r e n t  p l a c e  must i n c l u d e  a l l  t h r e e  o f  t h e s e  e f f e c t s .  
To d e r i v e  such  a n  e q u a t i o n ,  one can  b e  gu ided  by t h e  f o l l o w i n g  
t h r e e  s t e p s .  F i r s t ,  one de t e rmines  t h e  p o i n t  on t h e  wave f r o n t  
t h a t  r e a c h e s  t h e  o b s e r v e r ;  t h i s  i s  found b y  f i r s t  a p p l y i n g  
p r o p e r  motion and t h e n  p a r a l l a x  to t h e  s t a r ' s  r e f e r e n c e  d i r e c t i o n .  
F i n a l l y ,  one d e t e r m i n e s  t h e  a p p a r e n t  d i r e c t i o n  by a p p l y i n g  
a b e r r a t i o n .  

G e n e r a l l y ,  t h e  e f f e c t s  o f  p r o p e r  mot ion ,  p a r a l l a x ,  

T h e o r e t i c a l l y ,  whether  t h e  o b s e r v e r  p o s i t i o n  ( p a r a l l a x )  
r e l a t i v e  t o  t h e  r e f e r e n c e  o r  t h e  change ( p r o p e r  mot ion )  i n  s t a r  
a p p a r e n t  p o s i t i o n  from one epoch t o  a n o t h e r  i s  accoun ted  f o r  
f i r s t  does  n o t  mat ter .  P r a c t i c a l l y ,  because  p r o p e r  motion i s  
s p e c i f i e d  b y  t h e  same t y p e  of  a n g l e s *  as  t h o s e  e x p r e s s i n g  t h e  
s t a r ' s  mean p l a c e  i n  t h e  APFS one g e n e r a l l y  c o r r e c t s  f o r  p r o p e r  
mot ion  f i r s t .  Cons ide r  u as t h e  r e f e r e n c e  d i r e c t i o n  c o r r e c t e d  
for p r o p e r  mot ion .  
o b s e r v e r  i s  g i v e n  by e q u a t i o n  ( 8 )  which a p p l i e s  p a r a l l a x .  

RC 
Then, t h e  s t a r ' s  d i r e c t i o n  t o  a non-moving 

- 1  
u = u n i t  (URc - TIE). 

- 1  

I n  e q u a t i o n  ( 1 2 )  f o r  a b e r r a t i o n ,  u r e p l a c e s  URc and 

- v 
a C 

- 
u = u n i t  (u' t -) 

where La i s  t h e  s t a r ' s  a p p a r e n t  p l a c e .  S u b s t i t u t i o n  of  

e q u a t i o n  ( 1 3 )  i n t o  (14), g i v e s  

*Both t h e  mean p l a c e  o f  a s t a r  and  i t s  p r o p e r  motion 
are s p e c i f i e d  by r i g h t  a s c e n s i o n  and d e c l i n a t i o n  (which are 
d e f i n e d  i n  t he  n e x t  s e c t i o n  on c o o r d i n a t e  s y s t e m s ) .  
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F o r  a n  o b s e r v e r  i n  t h e  s o l a r  sys t em,  t h e  magni tude  o f  
(URC-nR) i s  s o  n e a r l y  e q u a l  t o  one t h a t  

u a = u n i t  [TRC-ITR+ 
- 

(16) 

i s  v a l i d  w i t h  n e g l i g i b l e  e r r o r .  S p e c i f i c a l l y ,  f o r  a C e n t a u r i  
(maximum I T ) ,  t h e  n e a r e s t  s t a r ,  and an  o b s e r v e r  a t  P l u t o  
(maximum R ) ,  t h e  e r r o r  does  not exceed  1.1 x r a d i a n s .  

The a p p a r e n t  p l a c e  of a s t a r  from t h e  earth i s  
computed from a mod i f i ed  v e r s i o n  of  e q u a t i o n  ( 1 6 )  because  o f  
t h e  n a t u r e  o f  a l l  mean p l a c e  c a t a l o g s  o f  s t a r s .  E q u a t i o n  
( 1 6 )  r e q u i r e s  b o t h  t h e  p o s i t i o n  and t h e  v e l o c i t y  o f  t h e  o b s e r v e r  
r e l a t i v e  t o  t h e  r e f e r e n c e .  For e a r t h  - sun  a b e r r a t i o n ,  t h e  
need f o r  v e l o c i t y  t ab l e s  can  b e  e l i m i n a t e d  as i s  shown i n  
Appendix B. T h i s  appendix  shows t h a t  t h e  e a r t h ' s  o r b i t a l  
v e l o c i t y  v e c t o r  can  b e  expres sed  by two c o n s t a n t  magni tude 
components i n  t h e  o r b i t a l  p l a n e .  One component i s  p e r p e n d i c u l a r  
t o  t h e  e a r t h ' s  p o s i t i o n  v e c t o r ;  t h e  o t h e r  i s  p a r a l l e l  t o  t h e  s e m i -  
minor  a x i s  of  t h e  e a r t h ' s  o r b i t .  By c o n v e n t i o n ,  t h e  a b e r r a t i o n  
c a u s e d  by t h e  l a t t e r  v e l o c i t y  component i s  i n c l u d e d  i n  t h e  
s t a r ' s  mean p l a c e  g i v e n  i n  a l l  mean p l a c e  c a t a l o g s  o f  s t a r s ,  
g i v i n g  what i s  c a l l e d  t h e  " c a t a l o g  mean p l a c e . "  T h i s  i n c l u d e d  
a b e r r a t i o n  e x p r e s s e d  i n  a n g l e s  i s  known as t h e  E - t e r m s  o f  
a b e r r a t i o n .  

A u s a b l e  e q u a t i o n  for t h e  s t a r ' s  a p p a r e n t  p l a c e  from 
t h e  e a r t h  can  be d e r i v e d  f r o n  e a u a t i o n s  i n  ADDendix B .  The 
v e l o c i t y  component p a r a l l e l  t o  t h e  semi-minorA a x i s  i s  ( e q u a t i o n  
B - 1 3 )  

and t h e  v e l o c i t y  component p e r p e n d i c u l a r  t o  t h e  p o s i t i o n  
v e c t o r ,  i s  ( equa . t i on  B - 1 4 )  

+ 1 - 1  
h Vf = - 

where i n  b o t h  e q u a t i o n s  (17 and 18), 1-1 i s  t h e  g r a v i t a t i o n a l  
c o n s t a n t ,  and h i s  t h e  c o n s t a n t  o f  a n g u l a r  mementum. I n  
e q u a t i o n  17, e i s  t h e  e c c e n t r i c i t y  o f  t h e  e a r t h ' s  o r b i t .  By 
v e c t o r  a d d i t i o n ,  
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The catalog mean place is -* 
T T  
'b u = unit (U t -) 

C RC c 
- 

(20) 

By applying equations (19) and ( 2 0 1 ,  and neglecting the very 
small error (1.4 x 10 -12 radians) caused by using E rather D* C 

than the un-unitized sum of u and - 'b , equation 16 becomes RC C 

- ITR t - C 
- 
e 

where Zn is the apparent place of the star from the earth 
and Ec is the catalog mean place of the star given in the 
APFS corrected for proper motion. The stellar parallax (IT) 
is obtained from the "General Catalog of Trigonometric 
Parallaxes", the proper motion is obtained from the LSmithsonian 
Astrophysical Observatory Star Catalog" (SA@), and E, the 
earth's position, is obtained from the tables of the sun 
(which is equivalent to the earth's position by change of 
sign) given in the "American Ephemeris and Nautical Almanac." 
On the basis of the latest fundamental constants (see 
Appendix B, p. 7) adopted by the International Astronomical 

Union (IAU), the magnitude of vf , called the constant ( K )  of 
-* 

-n C 

aberration, is equal to 20!'496; and the direction of 'f 

always leads the position vector R by 90' in the earth's 
orbital plane (ecliptic) looking down from the north. 

- 
c 

For an Apollo mission, the apparent place of a star 
from the spacecraft can be found by 

where is the velocity of the spacecraft relative to the 
earth. The parallax due to the difference in position of 
the earth and the spacecraft is negligible. For ct Centauri, 
the earth-moon parallax reaches only 9.9 x lo-' radians as the 
spacecraft approaches the moon. 

s / c  
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The use of equation (21) or (22) requires that all 
quantities be expressed in the same coordinate system. In 
the APFS, the star's mean place is expressed in mean equa- 
torial coordinates. The earth's position w, expressed in 
ecliptic coordinates, is chosen from the "American Ephemeris'' 

because the direction of vi  relative to R is defined in eclip- 
tic coordinates. One must then either transform and vi  into 
the mean equatorial system, cr the mean place into the eclip 
tic system. However, since the star's apparent place in the 
mean equatorial system is desired, one chooses to transform 
- -* 
R and Vf into that system. 
transformation between them are discussed in detail in the 
next section. 

These coordinate systems and the 
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3 . 0  COORDINATE SYSTEMS 

There are two c o o r d i n a t e  sys t ems  t h a t  are g e n e r a l l y  
u s e d  f o r  as t ronomy,  t h e  e q u a t o r i a l  and t h e  e c l i p t i c .  The 
e q u a t o r i a l  i s  b a s e d  on t h e  p l a n e  of t h e  e a r t h ' s  e q u a t o r ,  and 
the  e c l i p t i c  i s  b a s e d  on t h e  p l a n e  o f  t h e  e a r t h ' s  o r b i t  a round 
t h e  sun. The X a x i s  f o r  b o t h  c o o r d i n a t e  sys tems i s  t h e  i n t e r s e c t i o n  
o f  t h e  two p l a n e s .  The d i r e c t i o n  of t h e  p o s i t i v e  X a x i s  from 
t h e  e a r t h  i s  toward  t h e  p o i n t  where t h e  sun  c r o s s e s  t he  e q u a t o r  
f rom s o u t h  t o  n o r t h  i n  i t s  a p p a r e n t  o r b i t  a round  the  e a r t h .  T h i s  
c r o s s i n g  o c c u r s  i n  t h e  s p r i n g t i m e .  The p o s i t i v e  X a x i s ,  s o  d e f i n e d ,  
i s  r e f e r r e d  t o  as t h e  " v e r n a l  equinox"  or s imply  t h e  "equinox" .  
The p r o j e c t i o n  o f  t h e  X a x i s  i n t o  t h e  heavens  o c c u r s  ( o r ,  a t  
l e a s t  used  t o  o c c u r )  n e a r  t h e  c o n s t e l l a t i o n  of  Aries ( " t h e  s u n  
e n t e r s  Aries"'.  F o r  t h i s  r e a s o n ,  t h e  equ inox  i s  deno ted  b y t h e  
symbol f o r  t h a t  c o n s t e l l a t i o n ,  r.. The Y and Z a x e s  o f  b o t h  
c o o r d i n a t e  sy  s t e m s  comple te  a r i g h t - h a n d e d  r e c t a n g u l a r  c o o r d i n a t e  
sys t em.  I n  t h e  e q u a t o r i a l  s y s t e m ,  Y i s  p o s i t i v e  g o o  t o  t h e  ea s t  of 
t h e  v e r n a l  equ inox  a l o n g  t h e  p l a n e  o f  t h e  e q u a t o r ;  t he  Z a x i s  i s  
p e r p e n d i c u l a r  t o  t h e  e q u a t o r ,  and i s  i n  t h e  d i r e c t i o n  of' the  
c e l e s t i a l  n o r t h  p o l e  ( t h e  e a r t h ' s  n o r t h  p o l e  r o t a t i o n a l  a x i s ) .  
I n  t h e  e c l i p t i c  sys t em,  t h e  Y a x i s  i s  p o s i t i v e  90' t o  t h e  ea s t  
a l o n g  t h e  p l a n e  of  t h e  e c l i p t i c ,  and Z i s  p e r p e n d i c u l a r  t o  t h e  
e c l i p t i c  s o  as t o  comple te  a r i g h t - h a n d e d  c o o r d i n a t e  s y s t e m  
(see F i g u r e  6 ) .  

One can  t r a n s f o r m  from t h e  e c l i p t i c  s y s t e m  

by r o t a t i o n  abou t  t h e  X a x i s  b y  an a n g l e  e q u a l  t o  t h e  o b l i q u i t y  
( E ) .  The o b l i q u i t y  i s  t h e  ang le  between t h e  e c l i p t i c  and 
e q u a t o r i a l  p l a n e s .  The r o t a t i o n  m a t r i x  i s  g i v e n  b y  

) t o  t h e  e q u a t o r i a l  sys t zm ( X  Y Z ) ('eel 'eel 'eel eq  eq eq 

cos € 

s i n  € 

- s i n  6 

cos  € 

I n  b o t h  c o o r d i n a t e  sys t ems ,  t he  p o s i t i o n s  of  a 
c e l e s t i a l  body can  be e x p r e s s e d  i n  X ,  Y ,  and Z components 
o r  i n  a n g l e s .  If a n g l e s  b i g .  7 )  are used ,  c e r t a i n  c o n v e n t i o n s  
are adop ted .  I n  t h e  e c l i p t i c  sys t em,  a n g u l a r  p o s i t i o n s  are  
s p e c i f i e d  by l o n g i t u d e  ( A )  and l a t i t u d e  ( 6 ) .  Longi tude  i s  
measured from the  equinox p o s i t i v e  eastward a l o n g  t h e  p l a n e  of 
t he  e c l i p t i c .  L a t i t u d e  i s  measured from t h e  e c l i p t i c  p l a n e  
p o s i t i v e  n o r t h w a r d  a l o n g  a p l a n e  p e r p e n d i c u l a r  t o  t h e  e c l i p t i c .  
I n  t h e  e q u a t o r i a l  sys t em,  a n g u l a r  p o s i t i o n s  are  s p e c i f i e d  by 
r i g h t  a s c e n s i o n  (a), l i k e  l o n g i t u d e ,  and d e c l i n a t i o n  ( 6 ) ,  l i k e  
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l a t i t u d e ,  o r  b y  hour  a n g l e * ( h )  and d e c l i n a t i o n .  The r i g h t  ascen-  
s i o n  i s  measured from t h e  equinox p o s i t i v e  t o  t h e  e a s t  a l o n g  t h e  
e q u a t o r i a l  p l a n e .  The d e c l i n a t i o n  i s  measured f r o m  t h e  
e q u a t o r i a l  p l a n e  p o s i t i v e  t o  t h e  n o r t h  a l o n g  a g r e a t  c i r c l e  
( c a l l e d  a m e r i d i a n )  which d e f i n e s  a p l a n e  p e r p e n d i c u l a r  t o  
t h e  e q u a t o r i a l  p l a n e ,  The hour a n g l e  i s  measured from 
a m e r i d i a n  p o s i t i v e  westward a l o n g  t h e  e q u a t o r i a l  p l a n e .  

\ MER I D I  AN 
CELEST I AL BODY 

ECL I PT I C PLANE 

FIGURE 7 

There are two t y p e s  of e q u a t o r i a l  c o o r d i n a t e  sys t ems :  
t r u e  and mean. The t r u e  equator -equinox c o o r d i n a t e  s y s t e m  i s  
based on t h e  i n s t a n t a n e o u s  o r i e n t a t i o n  o f  t h e  e c l i p t i c  and 
e q u a t o r i a l  p l a n e s .  Because o f  t h e  g r a v i t a t i o n a l  p u l i  o f  t h e  sun  
and t h e  moon, t h e  e q u a t o r i a l  p l a n e  wobbles i r r e g u l a r l y  w i t h  a s h o r t  
p e r i o d ;  t h i s  i s  c a l l e d  n u t a t i o n .  If t h e  e f f e c t s  of n u t a t i o n  
are removed, one o b t a i n s  t h e  mean equa to r -equ inox  c o o r d i n a t e  
s y s t e m .  G r a v i t a t i o n a l  f o r c e s  a l s o  cause  t h e  mean equinox t o  
r o t a t e  i n  a r e t r o g r a d e  d i r e c t i o n  a l o n g  the  e c l i p t i c ,  and t h e  
a n g l e  between e c l i p t i c  and e q u a t o r i a l  p l a n e s  t o  d e c r e a s e .  These 

* 2 4  h o u r s ,  as an  a n g l e  measure,  a l w a y s  e q u a l s  3 6 0 O .  
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very long period (when compared to that of nutation) effects are 
called precession. Because of precession, one must specify the 
epoch of the mean equatorial and ecliptic coordinate systems. 

3 . 1  Nutation 

Nutation is the short period irregular motion of the 
true pole around the mean pole. The angle between the poles 
is approximately g", but this angle deviates somewhat f rom this 
value because of irregularities in the motion of the true pole. 
A complete rotation occurs in 18.6 years. However, the motion 
is more accurately represented by a series with components whose 
periods range from 18.6 years to just a few days. The nutation 
effects whose periods are more than 35 days are the "long period" 
nutation terms; the effects whose periods are less than 35 days 
are the "short period" nutation terms. 

The total nutation (long and short period terms) 
given by two angles. One is the difference (A$)in longitude, 
measured along the ecliptic between the true and iiiean equatorial 
planes. The other is the difference (A€) in the obliquity, of 
the true and mean equatorial plrnes. Values for A$ and A €  are 
tabulated daily in the "American Ephemeris and Nautical Almanac." 

is 

The short period terms of nutation, d$ and de, are 
tabulated daily in the "Apparent Places of Fundamental Stars." 
To facilitate the interpolation in the ten day interval tables 
of star apparent places given in the APFS, the short period 
terms have there already been removed. That is, the star's 
apparent place, specified in angles of right ascension and 
declination in the APFS, is referred to the true equator- 
equinox coordinates of date, but with the omission of the 
short period terms of nutation. After interpolation, using 
second differences, these terms can be reinserted by differen- 
tial correction (see page 157 of the "Explanatory Supplement") 
to the apparent place by 

Aa = d a  ($)*d$ + da(€) d €  
A6 = d6 ($)*d$ + d6(€) d e  

where da($), etc. stand for partial derivatives - aa etc. 
are as follows: a $  They 
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aa d a ( $ )  = cos€  t s i n  a t a n  6 s i n  € = - 
a +  

a s  d a ( € )  = -eosa t a n  6 = - ae 
as d 6 ( $ )  = cosa  s i n  C = - a €  

. 

. 
I 

. 

A 0  and A 6  are  computed f o r  t h e  n e a r e s t  i n t e g e r  da tes  
p r e c e d i n g  and f o l l o w i n g  t h e  d e s i r e d  t i m e ,  and a r e  t h e n  l i n e a r l y  
i n t e r p o l a t e d  t o  t h e  d e s i r e d  t i m e .  The i n t e r p o l a t e d  v a l u e s  of  
Aa and A 6  are  added,  r e s p e c t i v e l y ,  t o  t h e  a l ready  i n t e r p o l a t e d  
v a l u e s  o f  CY and 6 .  

Values  f o r  d a ( $ ) ,  d a ( € ) ,  d 6 ( + ) ,  and d a ( E )  a re  a l r e a d y  
computed and t a b u l a t e d  f o r  each  s t a r  i n  t h e  APFS. The s h o r t  
p e r i o d  terms of  n u t a t i o n ,  d+ and d e ,  a re  t a b u l a t e d  d a i l y  i n  
b o t h  t h e  "American E n h e m e r i s  and IVautical  Almanac" and t h e .  
APFS. 

Conver s ion  from t r u e  equa to r -equ inox  c o o r d i n a t e s  
t ( X t ,  Y t ,  Z ) t o  mean equator -equinox c o o r d i n a t e s  ( X m ,  Ym, Z m )  

c a n  be  accompl i shed  by t h e  f o l l o w i n g  t r a n s f o r m a t i o n  m a t r i x :  

xm I 
*m 

1 

- A $  C O S  € o  

A $  cos  €o 

1 

A €  

A $  s i n  
0 

A €  

1 

where E o  i s  t h e  mean o b l i q u i t y .  
a c c u r a t e  a p p r o x i m a t i o n  of t he  e x a c t  t r a n s f o r m a t i o n  as i s  shown 
i n  Appendix C .  

The m a t r i x  j u s t  g i v e n  i s  an  

3 . 2  P r e c e s s i o n  

t h e  p l a n e  o f  t h e  e q u a t o r  from t h e  n o r t h )  r o t a t i o n  o f  t h e  equ inox  
i n  t h e  e c l i p t i c  p l a n e  w i t h  a p e r i o d  o f  a b o u t  2 6 , 0 0 0  y e a r s  ( s ee  
F i g u r e  8 )  i s  a l s o  caused  by t h e  g r a v i t a t i o n a l  f o r c e s  of t h e  
s u n  and t h e  moon on t h e  e a r t h ' s  e q u a t o r i a l  b u l g e  p l a n e .  T h i s  
i s  c a l l e d  l u n i - s o l a r  p r e c e s s i o n .  

The smooth r e t r o g r a d e  ( c l o c k w i s e ,  l o o k i n g  down on 
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FIGURE 8 

The g r a v i t a t i o n a l  p u l l  of t h e  p l a n e t s  on t h e  e a r t h  
c a u s e s  t h e  e c l i p t i c  p l a n e  t o  r o t a t e  toward t h e  e q u a t o r i a l  
p l a n e  a b o u t  a l i n e  i n  t h e  e c l i p t i c  a p p r o x i m a t e l y  6" westward 
o f  t h e  equinox ( see  F i g u r e  9 ) .  

'ECL 

ECL I PT I 
ROTATIONAL 

C 
AX I 

' I C  

T 

FIGURE 9 
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cg ce cz - s g  s z  - s g  ce cz - cg sz -se cz 

cg ce sz + - s g  ce sz t CGC z - s B  cz (27) 

cg se - sg  se  C0 

This rotation, called planetary precession, moves the mean 
equinox at a rate of 12" per century eastward along the 
ecliptic and decreases the obliquity at a rate of 47" per 
century. The combination of luni-solar precession and plane- 
tary precession is known as general precession. 

o u s l y  to those of another epoch by Euler angles of rotation 
g,z, ande. These angles include the effects of both luni- 
solar and planetary precession. They are as follows: 

The mean coordinates of one epoch can be related rigor- 

5 = (23041.1250 t l(1396 To) T t 0':302T2 t 01.1018T3 

2 11 

z = 5 t 0.791T 
3 I? I? 

8 = (2004.682 - 0.853T0) T - 0;426T2 - 0.042T 

where T is the initial epoch measured in troDical centuries 
since I900.0 and T is the final epoch measured i n  trogical 

0 '  

centuries since To. 
New Year, not the calendar New Year. 

The . O  after-the 1900 denotes the Besselian 

The transformation matrix relating Xo, Yo, Zo, the 
mean coordinates of one epoch, to X, Y, Z, the mean coordinates 
of another epoch, is as follows: 

xO z O  

If the Cifference between epochs is a year or less, 
an approximation for the precession p can be used with 
negligible error, In the ecliptic coordinates, the annual 
westward shift in longitude is given by 

( 2 8 )  11 

p = 50.2564 - 0.0222T 
where T is tropical centuries from 1900.0. The latitude 
remains unchanged. 
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The s t a r ' s  a p p a r e n t  p l a c e  r e f e r r e d  t o  t h e  mean 
e q u a t o r - e q u i n o x  c o o r d i n a t e  sys t em o f  t h e  n e a r e s t  BNY can  be 
computed by e q u a t i o n  2 2  o f  S e c t i o n  2 . 4 .  I f  t h e  e v e n t  t i m e  
f o l l o w s  t h e  n e a r e s t  BNY,  one need  o n l y  t r a n s f o r m  F(, t h e  r a d i u s  
v e c t o r  f rom t h e  s u n  t o  t h e  ea r th ,  f r o m  t h e  e c l i p t i c  c o o r d i n a t e  
s y s t e m  i n t o  t h e  mean eguator -equinox c o o r d i n a t e  sys t em.  The 
s t a r ' s  mean p l a c e  and R a r e  b o t h  r e f e r r e d  t o  c o o r d i n a t e  sys t ems  
whose epochs  are t h e  nearest  - B N Y .  However, i f  t h e  e v e n t  t ime 
Drecedes  t h e  n e a r e s t  B N Y ,  R ,  which i s  t a k e n  from t h e  A . E .  c a t a l o f f  
o f  t h e  c u r r e n t  y e a r ,  w i l l  b e  r e f e r r ed  t o  t h e  e c l i p t i c  c o o r d i n a t e  
s y s t e m  whose epoch p recedes  t h e  n e a r e s t  BNY by e x a c t l y  one 
t r o D i c a l  year .  It i s  , then,  n e c e s s a r y  t o  s u b t r a c t  e a u a t i o n  
2 8  t h e  p r e c e s s i o n  i n  e c l i p t i c  c o o r d i n a t e s ,  f rom t h e  l o n g i t u d e  
o f 'R  g i v e n  i n  t h e  A . E .  b e f o r e  
mean equator -equinox c o o r d i n a t e  sys t em.  

can  b e  t r a n s f o r m e d  i n t o  t h e  
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Two mot ions  of t h e  e a r t h  a r e  used  t o  measure t i m e ,  
The ea r th ' s  r o t a t i o n  abou t  i t s  a x i s  d e f i n e s  a d a y ,  and t h e  
e a r t h ' s  o r b i t  a round  t h e  s u n  d e f i n e s  a y e a r .  

To measure t i m e ,  a s c a l e  o f  t i m e  measurement ,  a r e fe r -  
e n c e ,  and a t i m e  r e c k o n e r  a r e  r e q u i r e d .  The s c a l e  of t ime  
measure  i s  t h e  e a r t h ' s  e q u a t o r  which can  b e  l i k e n e d  t o  t h e  
d i a l  of a c l o c k .  The s c a l e  i s  a r b i t r a r i l y  d i v i d e d  i n t o  h o u r s ,  
m i n u t e s ,  and seconds  such t h a t  360' corresDonds  t o  2 4  h o u r s ,  
one hour  c o n t a i n s  6 0  m i n u t e s ,  and one minu te  c o n t a i n s  6 0  seconds  
( F i g u r e  10). The s c a l e  s t a r t s  a t  some r e f e r e n c e .  For  l o c a l  
t i m e  measurement ,  t h e  o b s e r v e r ' s  m e r i d i a n  (M) i s  t h e  r e f e r e n c e ,  
and f o r  a n  a b s o l u t e  ( independen t  c t  t h e  o b s e r v e r ' s  l o c a t i o n )  
s y s t e m  o f  t i m e  measure ,  t h e  Greenwich m e r i d i a n  i s  a r b i t r a r i l y  
chosen  t o  b e  t h e  r e f e r e n c e .  

Oh 

I2h 

FIGURE io 
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T i m e  i s  i n d i c a t e d  by t h e  p o s i t i o n  of  some f i c t i t i o u s  
p o i n t  i n  t h e  heavens  p r o j e c t e d  on t h e  e q u a t o r .  T h i s  p o i n t  i s  
t h e  t i m e  r e c k o n e r ,  l i k e  t h e  hands  o f  a c l o c k .  Two t i m e  
r e c k o n e r s  are u s e d ,  t h e  mean equinox and t h e  mean s u n  d e f i n e d  
l a t e r  i n  S e c t i o n  4 . 2 .  2 4  hours  of a p p a r e n t  mot ion  o f  t h e  
mean equ inox  a l o n g  t h e  e q u a t o r  d e f i n e  a s ide rea l  day ,  t h e  funda-  
mental u n i t  o f  s i d e r e a l  t ime ( S . T . ) .  2 4  h o u r s  o f  a p p a r e n t  
mo t ion  of  t h e  mean sun  a long  t h e  e q u a t o r  d e f i n e  a mean 
d a y ,  t h e  fundamen ta l  u n i t  of u n i v e r s a l  t i m e  ( U . T . ) .  

Both s i d e r e a l  and u n i v e r s a l  t i m e  are  a f f e c t e d  by 
t h e  e a r t h ' s  v a r i a b l e  r a t e  of  r o t a t i o n .  Hence, a n  a b s o l u t e l y  
u n i f o r m  measure o f  t i m e  c a l l e d  ephemer is  t i m e  ( E . T . ) ,  i s  d e f i n e d  
to c o r r e s p o n d  t o  t h e  pa rame te r  o f  t i m e  i n  a l l  dynamica l  e q u a t i o n s  
o f  mot ion .  T h e r e f o r e ,  t h e  e a r t h ' s  o r b i t  a round t h e  s u n  i s  
t h e  bas i s  of ephemer is  t i m e  measure .  360° of  aDparent  motion 
o f  t h e  mean s u n  r e l a t i v e  t o  t h e  mean equinox o f  d a t e  measured 
a l o n g  t h e  e q u a t o r  i s  used  as t h e  fundamen ta l  u n i t  o f  eDhemeris 
t i m e .  T h i s  u n i t  o f  t ime  i s  c a l l e d  t h e  t r o D i c a l  y e a r .  

4 . 1  S i d e r e a l  T i m e  

The l o c a l  s i d e r e a l  t i m e  ( L . S . T . )  i s  e q u a l  t o  t h e  
hour  a n g l e  o f  t h e  mean equinox as i s  shown i n  F i g u r e  11. 

\ *  
'I- "\=_L. S. T p  3' 

FIGURE l l  

where M is a m e r i d i a n .  The Greenwich s i d e r e a l  t i m e  (or s imply  
s i d e r e a l  t ime)  i s  t h e  a r c  GT. 
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P r a c t i c a l  methods of t i m e  measurements based on 
o b s e r v a t i o n s  of t h e  s u n  and t h e  s t a r s  are  such  t h a t  t h e  
hour  a n g l e  of  t h e  t r u e  equinox r a t h e r  t h a n  t h e  mean equinox 
i s  d e t e r m i n e d .  The hour  a n g l e  of  t h e  t r u e  equinox i s  c a l l e d  
t h e  a p p a r e n t  (or t r u e )  s i d e r e a l  t i m e  ( A . S . T . ) .  Because of  
n u t a t i o n ,  a p p a r e n t  s iderea l  t i m e  i s  n o t  a un i fo rm measure of 
t i m e  and can  d i f f e r  from s i d e r e a l  t i m e  b y  as  much as 1 . 2 .  
The two t imes a r e  r e l a t e d  by t h e  " e q u a t i o n  of  t h e  equ inoxes"  

( "nut ) 3 
f o r m e r l y  c a l l e d  t h e  " n u t a t i o n  i n  r i g h t  a s c e n s i o n "  
g i v e n  below: 

S 

ci = A . S . T .  - S . T .  (28) n u t .  

A s  a matter of conven ience ,  t h e  " e q u a t i o n  of equ inoxes"  i s  
t a b u l a t e d  f o r  b o t h  t h e  long  and s h o r t  p e r i o d  terms of  n u t a t i o n  
i n  t h e  APFS. Then, t h e  a p p a r e n t  s i d e r e a l  t i m e  minus t h e  s h o r t  
p e r i o d  t e r m s  of  t h e  "equa t ion  of t h e  equ inoxes"  c o r r e s p o n d s  to 
t h e  r i g h t  a s c e n s i o n  of t h e  s t a r ' s  a p p a r e n t  p l a c e  g l v e n  i n  t h e  
APFS. T h i s  has been done t o  f a c i l i t a t e  t h e  i n t e r p o l a t i o n  of 
t h e  1 0  day  t a b l e s  of s t a r  a p p a r e n t  p l a c e s  i n  t h e  APFS. 

The d i f f e r e n c e  i n  l e n g t h  between an  a p p a r e n t  s i d e r e a l  
day  and a mean s ide rea l  day i s  v e r y  smal l .  T h i s  d i f f e r e n c e  
v a r i e s  from 0.0005 t o  0 . 0 0 4 ,  and c a n  b e  i g n o r e d  i n  c o n v e r t i n g  
from a p p a r e n t  to mean s i d e r e a l  t imes .  

S S 

S i d e r e a l  t i m e  i s  a u s e f u l  s y s t e m  of a s t r o n o m i c a l  
t i m e  measurement because  t h e  r i g h t  a s c e n s i o n  of  a c e l e s t i a l  
body i s  n u m e r i c a l l y  e q u a l  t o  t h e  S . T .  a t  a m e r i d i a n  when t h e  
body t r a n s i t s *  t h e  m e r i d i a n .  The more d i f f i c u l t  problem of  
d e t e r m i n i n g  t h e  t i m e  of t r a n s i t  i n  U . T .  i s  c o n s i d e r e d  i n  
Appendix D ,  t i t l e d  t h e  "Time of Greenwich T r a n s i t " ,  of t h i s  
memorandum. 

*A c e l e s t i a l  body i s  said to " t r a n s i t "  a m e r i d i a n  when 
t h e  a p p a r e n t  p o s i t i o n  of t h e  body l i e s  on some ex tended  
s t r a i g h t  l i n e  t h a t  o r i g i n a t e s  from t h e  c e n t e r  of  t h e  e a r t h  
and  passes t h r o u g h  tha t  m e r i d i a n .  
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4 . 2  U n i v e r s a l  T i m e  

The mean sun  r a t h e r  t h a n  t h e  t r u e  sun  i s  t h e  bas i s  
f o r  u n i v e r s a l  t i m e  measure .  Because t h e  e a r t h ' s  o r b i t  i s  eccen-  
t r i c ,  t h e  v e l o c i t y  of t h e  e a r t h ' s  o r b i t  v a r i e s .  Thus,  t h e  
p e r i o d  o f  t h e  a p p a r e n t  r o t a t i o n  ( c o m p l e t e  r o t a t i o n  r e l a t i v e  
t o  a m e r i d i a n  d e f i n e s  a n  a p p a r e n t  s o l a r  day )  of t h e  t r u e  s u n  
v a r i e s  f rom day t o  day .  Even i f  t h e  e a r t h ' s  o r b i t  were c i r c u -  
l a r ,  t h e  d u r a t i o n  of a n  a p p a r e n t  s o l a r  day would v a r y  b e c a u s e  
t h e  ea r th  t r a v e l s  a l o n g  t h e  e c l i p t i c  r a the r  t h a n  t h e  e q u a t o r .  
A t  t h e  e q u i n o x e s ,  p a r t  o f  t h e  e a r t h ' s  mot ion  i s  n o r t h  o r  s o u t h  
( see  F i g u r e  1 2 ) .  

ECLIPT IC  

SOLST ICE 

ORB I TAL MOT I ON 
PROJECTED ORBITAL 

MOT I ON 

FIGURE 12 
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. 
On t h e  o t h e r  hand, a t  t h e  s o l s t i c e s  ( l i n e  3 n  t h e  e c l F p t i c  whose 
a n g l e  w i t h  t h e  e q u a t o r  i s  g r e a t e s t ) ,  t h e  e a r t h ' s  mot ion  i s  
e n t i r e l y  eas tward  and s i n c e  m e r i d i a n s  a re  c l o s e r  t o g e t h e r  
a t  s o l s t i c e s  t h a n  a t  t h e  e q u a t o r ,  t h e  p r o j e c t e d  mot ion  a l o n g  
t h e  e q u a t o r  i s  i n c r e a s e d  ( s e e  F i g u r e  1 3 ) .  

ECL I 

MER 

ORBITAL MOT I ON 

EQUATOR 

IDIANS 

FIGURE 13 

T h i s  e f f e c t  makes t h e  d u r a t i o n  of a n  a p p a r e n t  s o l a r  d a y  a t  
t h e  s o l s t i c e s  l o n g e r  t h a n  one n e a r  t h e  equ inoxes .  T h e r e f o r e ,  
t h e  t r u e  sun  c o u l d  n o t  be used  e f f e c t i v e l y  as a measure of  
t i m e .  To  make t h e  l e n g t h  o f  days  e q u a l  t o  each  o t h e r ,  Newcomb 
d e f i n e d  a f i c t i t i o u s  body c a l l e d  t h e  mean sun whose r i g h t  
a s c e n s i o n  ( R . A . M . S . )  r e f e r r e d  t o  t h e  mean equinox o f  d a t e  i s  
g i v e n  by 

R . A . M . S .  = 18h 38m 45?836 + 86401S8452T 
( 2 9 )  

-6 T 2  t9729 x 10 
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where 18h 38m 45?836 was t h e  r i g h t  a s c e n s i o n  o f  t h e  mean s u n  
a t  t h e  epoch J a n .  0 . 5  1900; T i s  t h e  number of J u l i a n  y e a r s  
s i n c e  t h a t  epoch .  A J u l i a n  y e a r  i s  d e f i n e d  t o  c o n t a i n  e x a c t l y  
365 .25  mean d a y s .  

d 

Because of  t h e  i n c r e a s i n g  r i g h t  a s c e n s i o n  of t h e  
mean s u n ,  t h e  mean day i s  l o n g e r  t h a n  t h e  s ide rea l  day as i s  
shown i n  F i g u r e  1 4 .  

EARTH 
0 

0 
I 
I 

0 
0 

FIGURE I 4  

But t h e  mean day and t h e  s ide rea l  day a re  r i g o r o u s l y  r e l a t e d  
i n  S .T .  by Newcomb's e x p r e s s i o n  f o r  t h e  mean s u n ,  T h e  r e a n  
day  i s  e q u a l  t o  one  s i d e r e a l  day p l u s  t he  change i n  right ascen-  
s i o n  of  t h e  mean s u n  i n  a mean day .  

'mean day = 2 4 h  t 86;:i:E:542 = 86636?556 S.T. 

or 
h m  24h U.T. = 2 4  3 56?556 S.T. 

U n i v e r s a l  t i m e  i s  e q u a l  t o  t h e  hour  a n g l e  o f  t h e  
mean s u n  (H.A.M.S.) measured from t h e  Greenwich ( G I  n e r i d i a n ,  
p l u s  12h ( F i g u r e  1 5 ) .  
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Hence ,  

(30) h U . T .  = G.H.A.M.S. + 12 
The hour  a n g l e  of  t h e  mean s u n  measured f rom any other m e r i d i a n  
y i e l d s  t h e  l o c a l  mean t i m e  a t  t h a t  m e r i d i a n .  

An e n t i r e  sys t em of  a s t r o n o m i c a l  t i m e  r e c k o n i n g  can  
b e  based on t h e  mean d a y .  The coun t  of  mean days  (or J u l i a n  
d a y s )  i s  chosen  t o  b e g i n  a t  a t i m e  meant t o  p r e d a t e  a l l  r e c o r d e d  
h i s t o r y .  Tha t  epoch i s  Janua ry  0 . 5 ,  4713 B.C. The number 
o f  d a y s  s i n c e  t h e n  d e t e r m i n e s  t h e  J u l i a n  Date. T h i s  sys t em 
i s  advan tageous  f o r  many a s t r o n o m i c a l  c o m p u t a t i o n s .  

d 
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4 .3  T r o p i c a l  Year 

. 

The t r o p i c a l  y e a r  i s  e q u a l  t o  t h e  i n t e r v a l  d u r i n g  
which t h e  mean s u n ' s  r i g h t  a s c e n s i o n  i n c r e a s e s  by 360".  
S p e c i f i c a l l y ,  t h e  t r o p i c a l  y e a r  a t  J a n u a r y  0 ,  1900 i s  e q u a l  t o  

82$o 6 o  6 o  x 365.25 = 365.24219879 mean days  01.84542 x 15. 

The r e p e a t i n g  c y c l e  o f  t h e  s e a s o n s  c o r r e s p o n d s  d i r e c t l y  to 
t h e  t r o p i c a l  y e a r .  

The t r o p i c a l  y e a r  b e g i n s  when t h e  r i g h t  a s c e n s i o n  
o f  t h e  mean s u n  i s  e x a c t l y  18h 40m. 
B e s s e l i a n  N e w  Year ( B N Y )  a f t e r  t h e  German a s t r o n o m e r ,  Besse l ,  
who i n t r o d u c e d  t h i s  n rocedure  i n t o  a s t r o n o m i c a l  p r a c t i c e .  
T h i s  BNY i s  a lways  w i t h i n  a day o r  two of  t h e  c a l e n d a r  N e w  Year. 

T h i s  i s  c a l l e d  t h e  

The c a l e n d a r  y e a r  i s  e q u a l  t o  365 .25  mean d a y s .  _-  However, by a s y s t e m  o f  d e s i g n a t i n g  c e r t a i n  y e a r s  as common 
y e a r s  and o t h e r s  as l e a p  y e a r s ,  t h e  c a l e n d a r  i s  made t o  keep 
p a c e  w i t h  t h e  t r o p i c a l  y e a r  f a i r l y  a c c u r a t e l y .  T a b l e s  r e l a t e  
c a l e n d a r  d a t e  w i t h  t h e  J u l i a n  s y s t e m s ,  e x c e p t  t h a t  w h i l e  a 
c a l e n d a r  day b e g i n s  a t  m i d n i g h t ,  t h e  J u l i a n  day b e g i n s  a t  
noon.  

4 . 4  Ephemeris  T i m e  

The u n i t  of  ephemeris  t i m e  ( E . T . )  i s  t h e  t r o p i c a l  
d y e a r  o f  J a n u a r y  0 . 5 ,  1 9 0 0  which c o n t a i n s  

365.24219879 x 86400 = 31556925.9747 ephemer is  s e c o n d s .  

The ephemer is  second s o  d e f i n e d ,  has been  ado t e d  as t h e  funda-  

d e  P o i d s  e t  Measures i n  1957 .  
m e n t a l  i n v a r i a b l e  u n i t  of  t i m e  by t h e  Comite' P n t e r n a t i o n a l  

Ephemeris  T i m e  i s  o b t a i n e d  as a c o r r e c t i o n ,  AT, t o  
u n i v e r s a l  t l m e  s u c h  t h a t  

E . T .  = U . T .  + AT 

AT i s  d e t e r m i n e d  e m p i r i c a l l y ,  t o  make o b s e r v a t i o n s  o f  t h e  
moonand t h e  p l a n e t s  a g r e e  as c l o s e l y  as p o s s i b l e  w i t h  o r b i t a l  
t h e o r y .  Because  E . T .  c o r r e s p o n d s  t o  t h e  p a r a m e t e r  of t i m e  
i n  o r b i t a l  e q u a t i o n s ,  t h e  t a b l e s  o f  t h e  s u n  and t h e  p l a n e t s ,  
g i v e n  i n  t h e  "American Ephemeris" ,  a re  s p e c i f i e d  i n  E . T .  
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The s t a r ' s  a p p a r e n t  p l a c e ,  as s e e n  from g e o c e n t e r  

t h r o u g h  a h y p o t h e t i c a l  vacuum a t  some g i v e n  t i m e ,  r e f e r r e d  t o  
t h e  mean g e o c e n t r i c  equa to r -equ inox  c o o r d i n a t e s  o f  t h e  n e a r e s t  
B e s s e l i a n  N e w  Year ( B N Y ) ,  i s  t h e  r e s u l t  o b t a i n e d  by  t h e  methods 
of t h i s  s e c t i o n .  One method s t a r t s  w i t h  t h e  s t a r ' s  a p p a r e n t  
p l a c e  g i v e n  i n  t h e  "Apparent P l a c e s  of Fundamental  S t a r s . "  
The o t h e r  one s t a r t s  w i t h  t h e  s t a r ' s  mean p l a c e  g i v e n  i n  e i t h e r  
t h e  APFS or t h e  "American E p h e m e r i s , "  A computer program has 
been  w r i t t e n  f o r  e a c h  method and i s  a v a i l a b l e  upon r e q u e s t .  
A s  a n  example,  t h e  a p p a r e n t  p l a c e  o f  a T a u r i  i s  found a t  
8 . 7333 ,  May 1 9 6 8  U . T .  u s i n g  b o t h  t hese  programs.  d 

The p r o c e d u r e  u s i n g  t h e  a p p a r e n t  p l a c e  of a s t a r  
d i f f e r s  s i g n i f i c a n t l y  from t h a t  u s i n g  t h e  mean p l a c e  of a s t a r .  
I n  t h e  a p p a r e n t  p l a c e  data  method, one a l r eady  has t h e  a p p a r e n t  
p l a c e  of t h e  s t a r .  I n t e r p o l a t i o n  i s  r e q u i r e d  t o  o b t a i n  t h e  
s t a r ' s  a p p a r e n t  p l a c e  ( G e l  a t  t h e  d e s i r e d  t i m e ,  and t r a n s f o r -  
m a t i o n s  a re  r e q u i r e d  t o  o b t a i n  t n e  s t a r ' s  p l a c e  i n  t h e  d e s i r e d  
c o o r d i n a t e  sys t em.  On t h e  o t h e r  hand,  i n  t h e  mean p l a c e  da t a  
method t h e  s t a r ' s  p l a c e  i s  a l r e a d y  r e f e r r e d  t o  t h e  d e s i r e d  
c o o r d i n a t e  s y s t e m .  However, one must c o r r e c t  t h e  s t a r ' s  mean 
p l a c e  f o r  c e r t a i n  p h y s i c a l  phenomena, d i s c u s s e d  i n  S e c t i o n  2 
of t h i s  memorandum, t o  o b t a i n  t h e  s t a r ' s  a p p a r e n t  p l a c e  (u , ) .  
5.1 R e d u c t i o n  From Apparent P l a c e  Data 

The "Apparent P l a c e s  of Fundamental  S t a r s ' '  (APFS) 
g i v e s  t h e  a p p a r e n t  p l a c e  of t h e  s t a r  as s e e n  from g e o c e n t e r  
t h r o u g h  a f i c t i t i o u s ,  t r a n s p a r e n t ,  and non-atmospheric  e a r t h  
a t  da tes  ( i n  t e n  day i n t e r v a l s  o f  u n i v e r s a l  t i m e )  of upper  
t r a n s i t  a t  Greenwich r e f e r r e d  t o  t h e  t r u e  g e o c e n t r i c  e q u a t o r -  
equinox c o o r d i n a t e  system of d a t e ,  b u t  w i t h  t h e  omiss ion  of 
t h e  s h o r t  p e r i o d  t e r m s  of n u t a t i o n .  T h i s  i s  t h e  s t a r t i n g  p o i n t ,  
and t h e  f o l l o w i n g  p r o c e d u r e  i s  r e q u i r e d .  

5 . 1 . 1  Summary of  Computation P rocedure  

1. F i n d  t h e  t ime  of Greenwich t r a n s i t  of t h e  s t a r  f o r  
t h e  e n t r i e s  n e a r e s t  t o  t h e  d e s i r e d  t i m e .  

2 .  I n t e r p o l a t e  t h e  s t a r ' s  r i g h t  a s c e n s i o n  and d e c l i n a -  
t i o n  t o  t h e  d e s i r e d  t i m e .  

3 .  I n s e r t  t h e  s h o r t  p e r i o d  terms of  n u t a t i o n .  

4 .  F ind  t h e  X ,  Y ,  Z components of t h e  s t a r  p l a c e .  

5 .  Apply n u t a t i o n  t o  go f rom t h e  t r u e  equa to r -equ inox  
c o o r d i n a t e  sys tem of  da te  t o  t h e  mean equa to r -equ inox  c o o r d i n a t e  
sys t em of  da t e .  
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6 .  Apply p r e c e s s i o n  t o  go from t h e  mean e q u a t o r -  
equ inox  c o o r d i n a t e  sys tem of d a t e  to t h e  mean equa to r -equ inox  
c o o r d i n a t e  s y s t e m  a t  t h e  n e a r e s t  B N Y .  

5 . 1 . 2  I n p u t  

1. a. = r i g h t  a s c e n s i o n  o f  t h e  s t a r  i n  t h e  APFS i n  
h o u r s ,  m i n u t e s ,  and seconds  f o r  t h e  n e a r e s t  c a t a l o g  da t e  
p r e c e d i n g  t h e  e v e n t  t i m e ,  

0 
2 .  b o  = d e c l i n a t i o n  of t h e  s ta r  c o r r e s p o n d i n g  t o  c1 

i n  d e g r e e s ,  m i n u t e s ,  and seconds .  

3 .  A.S.T. = appa ren t  s i d e r e a l  t i m e  measured from 
0 

Greenwich a t  O h  U . T .  i n  hour s ,  m i n u t e s ,  seconds  of  S . T . ,  
c o r r e s p o n d i n g  t o  a0 and 6 . 

0 

= s h o r t  p e r i o d  " e q u a t i o n  o f  t h e  4' "nut.  s h o r t  o 
equ inoxes"  c o r r e s p o n d i n g  t o  A.S.T. i n  seconds  of S.T.  

5 .  d = d a t e  i n  years,  months,  and d a y s  of U . T .  

0, 

0 
i n  t h e  t a b l e .  n u t .  s h o r t  o c o r r e s p o n d i n g  t o  t h e  A.S .T.o  and c1 

I t  i s  a l s o  t h e  n e a r e s t  i n t e g e r  day  f o l l o w i n g  t h a t  f o r  a. and 60. 

6. "1 = r i g h t  a s c e n s i o n  of  a s t a r  i n  h o u r s ,  m i n u t e s ,  
and seconds  f o r  n e a r e s t  c a t a l o g  d a t e  f o l l o w i n g  t h e  e v e n t .  

7 .  61 = d e c l i n a t i o n  c o r r e s p o n d i n g  to 9 i n  d e g r e e s ,  
m i n u t e s ,  and s e c o n d s .  

8 .  A.S.T. l  = appa ren t  s ide rea l  t i m e  measured from 
Greenwich a t  O h  U.T.  i n  hour s ,  m i n u t e s ,  and seconds  of  S . T . ,  
c o r r e s p o n d i n g  t o  and 61. 

= s h o r t  p e r i o d  " e q u a t i o n  of  t h e  "nut .  s h o r t  1 
equinox"  c o r r e s p o n d i n g  t o  A.S.T.l i n  s econds  of S . T .  

10. dl  = d a t e  i n  y e a r s ,  months,  d a y s  of U.T.  c o r r e s p o n d i n g  

t o  A.S.T. l ;  i t  i s  a l s o  t h e  nearest  i n t e g e r  day  f o l l o w i n g  t h a t  
o f  a1 and b l .  

11. de = d a t e  of t h e  d e s i r e d  e v e n t  i n  y e a r s ,  months,  

and d a y s ,  and f r a c t i o n a l  p a r t s  t h e r e o f .  
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1 2 .  d = d a t e  s p e c i f i e d  to n e a r e s t  i n t e g e r  day p r i o r  
P 

t o  de  i n  y e a r s ,  months,  and days  of  U . T .  or E . T .  depend ing  
on t h e  s o u r c e  o f  t h e  d a t a .  

= date  of  t h e  n e a r e s t  BNY i n  y e a r s ,  months,  '3. d~~~ 
and d a y s  and f r a c t i o n a l  p a r t s  t h e r e o f  of U . T .  

14, d ( J 0  and dql = short p e r i o d  t e r m s  of  n u t a t i o n  i n  
l o n g i t u d e  i n  a r c  seconds  g iven  a t  d and  d + Id i n  U . T .  
r e s p e c t i v e l y .  P P 

15. de  and del = short p e r i o d  t e r m s  of n u t a t i o n  i n  
0 

o b l i q u i t y  i n  d e g r e e  seconds  a t  d and d + Id i n  U.T. 
r e s p e c t i v e l y .  P P 

7 I v 
A and A 3 m ~  f i r s t  d i f f e r e n c e s  of  b o t h  t h e  16. A 1, 3 
2 2 
- - -- 

2 
r i g h t  a s c e n s i o n  and t h e  d e c l i n a t i o n .  The d i f f e r e n c e s  a re  
d e f i n e d  below 

.- 1 f 

1 

A 1  -- 
2 

0 
f 

I 

3 
2 

A 
- 

where f s t a n d s  for any f u n c t i o n .  

17. and A q l  = n u t a t i o n  i n  l o n g i t u d e  g i v e n  i n  a r c  

seconds  a t  d and d + Id E.T. r e s p e c t i v e l y .  
P P 
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1 8 .  Bo and B1 = t h e  n e g a t i v e  of t h e  n u t a t i o n  i n  
o b l i q u i t y  a t  d and d + Id i n  E . T .  r e s p e c t i v e l y .  Bo and 
B a re  B e s s e l i a n  day numbers.  

P P 
1 

1 9 .  d a  (I)), and d a  ( e )  = t h e  d i f f e r e n t i a l  c o r r e c t i o n s  
to t h e  r i g h t  a s c e n s i o n  used  t o  i n s e r t  t h e  s h o r t  p e r i o d  t e r m s  
of n u t a t i o n  ( s e e  S e c t i o n  3 . 1 ) .  They a r e  s p e c i f i e d  i n  hour  
s e c o n d s .  

2 0 .  d6 ( + ) ,  and d6  ( E )  = t h e  d i f f e r e n t i a l  c o r r e c t i o n s  
to t h e  d e c l i n a t i o n  used  t o  i n s e r t  t h e  s h o r t  p e r i o d  terms of  
n u t a t i o n  ( s e e  S e c t i o n  3 . 1 ,  p .  5 ) .  They a re  s p e c i f i e d  i n  a r c  
s e c o n d s .  

5 . 1 . 3  I n p u t  Data f o r  Sample Computat ion 

t a k e n  from t h e  APFS a t  approx ima te ly  May ( V 2 . 6 )  2 d . 6 ,  1968 
U . T . ,  t h e  n e a r e s t  c a t a l o g  d a t e  p r i o r  to t h e  d e s i r e d  e v e n t  d a t e  

o f  May 8d .7333,  1 9 6 8  U . T .  ( d e ) ,  a r e  as  f o l l o w s :  

The r i g h t  a s c e n s i o n  and t h e  d e c l i n a t i o n  of  a T a u r i  

1 1  

= 16" 26' 53 .07  
6 O  

d and a p p r o x i m a t e l y  May ( V 1 2 . 6 )  1 2 . 6  1 9 6 8  U . T . ,  t h e  n e a r e s t  
c a t a l o g  d a t e  f o l l o w i n g  t h e  d e s i r e d  e v e n t  t l m e ,  a re  as f o l l o w s  

a1 = Ilh 3Qm 0 4 s 3 2 6  
I 

11 

= 16" 2 6 '  5 3 . 2 6  

as  can  b e  s e e n  on page 73 of t h e  APFS ( F i g u r e  1 2 ) .  

The f i r s t  d i f f e r e n c e s  ( o b t a i n a b l e  from APFS, p .  73,  
F i g u r e  1 2 )  r e q u i r e d  f o r  t h e  i n t e r p o l a t i o n  o f  t h e  r i g n t  a s c e n s i o n  
and t h e  d e c l i n a t i o n  a r e  as f o l l o w s :  

a 6 

11 

= Os015 = 0.19 
- 
2 

A' l  - 
2 

II 

= 0 . 3 1  3 
2 

= o s 0 6 0  A '  
- 3 

2 
A '  
- 
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The d i f f e r e n t i a l  s t a r  c o n s t a n t s  r e q u i r e d  t o  i n s e r t  
s h o r t  p e r i o d  terms of  n u t a t i o n  a r e  t a b u l a t e d  f o r  e a c h  s t a r  
i n  t h e  APFS a t  t h e  bot tom of t h e  page .  F o r  a T a u r i ,  t h e y  a re  

da ( + I  = Os068 , d6 ( + )  = OY15 

d a  ( e )  = -0?007 , d6 ( € )  = 0'.193 
and 

The s h o r t  p e r i o d  terms of  n u t a t i o n  o b t a i n e d  from 

P 

T a b l e  I o f  t h e  APFS on page 478 ( F i g u r e  1 3 )  a t  May 8 ,  1 9 6 8  
U . T .  ( d  ) are  

t I  

d+o = 0 . 0 2 8  

d€o  = 0.094 
I 

d and a t  May 9 ,  1968 U.T.  (d  + 1 ) are  
P 

I f  

d+l  = - 0 . 0 7 5  

I t  

de,  = 0 . 1 1 2  
I 

The a p p a r e n t  s i d e r e a l  t i m e  c o r r e s p o n d i n g  to a. and 
A i s  o b t a i n e d  from Table  I1 o f  t h e  APFS on page 481 ( F i g u r e  1 4 )  
- 0  
a t  do  = May 3 ,  1 9 6 8  U.T.  

A.S.T. = 1 4 h  43m 4 9 ? 0 2 1  
0 

and t h e  s h o r t  p e r i o d  " e q u a t i o n  o f  t h e  equ inoxes"  a t  do i s  

a n u t .  short o = os001 

The a p p a r e n t  s i d e r e a l  t i m e  c o r r e s p o n d i n g  t o  a and cS1 1 
i s  o b t a i n e d  from T a b l e  I1 of t h e  APFS on page 481 ( F i g u r e  1 4 )  
a t  dl  = May 1 3  1 9 6 8  U.T. 
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and t h e  s h o r t  p e r i o d  e q u a t i o n  o f  the  equ inoxes  a t  dl  i s  

= -07014 n u t  s h o r t  1 a 

The t o t a l  n u t a t i o n  i n  l o n g i t u d e  ( A $ )  and i n  o b l i q u i t y  
( A €  = -B) t a k e n  from Pages 2 2  ( s ee  F i g u r e  1 5 )  and 264 ( s ee  
F i g u r e  1 6 ) ,  r e s p e c t i v e l y ,  of t h e  "American Ephemeris"  a t  May 8 ,  
1 9 6 8  E . T .  ( d  ) a re  

P 
11  

A + ,  = -6.097 

Bo = -8 .773 I ?  

and a t  Yay 9 ,  1968  E . T .  ( d  + 1) are  
P 

A $ l  = -5 .182  
11 

11 

B1 = -8.775 

5 . 1 . 4  Sample Computat ion 

p e r i o d  terms of  n u t a t i o n s  a t  do (A.S.T.lo). 
1) F i n d  t h e  a p p a r e n t  s ide rea l  t i m e  i n c l u d i n g  t h e  l o n g  

n u t .  s h o r t  o A.S.T.lo = A . S . T . o  -a 

A.S.T.lo = lQh 43m 49?020 

and a t  dl  (A.S.T.ll) 

n u t  s h o r t  1 A.S. T .  11 = A.S.Tal -a 

A .  S . T .  11 = 15h 23m 14?585 

2 )  F i n d  t h e  t i m e  o f  Greenwich t r a n s i t  f o r  a T a u r i  a t  
n e a r e s t  c a t a l o g  d a t e s  p r e c e d i n g  and f o l l o w i n g  t h e  e v e n t  t i m e  
( d e )  i n  J u l i a n  d a y s .  

by 

The t i m e  of t r a n s i t  p r e c e d i n g  de i s  g i v e n  
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and t h u s  

d '  = 2439979.078 J.D. 
0 

The t i m e  o f  t r a n s i t  f o l l o w i n g  de i s  g i v e n  by 

I 
dl  = 0.9972697 (a, - A.S.T.ll) t dl 

and t h u s  

? 

dl = 2439989.051 J.D. 

3 )  I n t e r p o l a t e  the s t a r ' s  r i g h t  a s c e n s i o n  and d e c l i n a t i o n  
t o  t h e  e v e n t  t i m e  de by Bessel 's  i n t e r p o l a t i o n  fo rmula  

where 

n(n-1)  de - dh 
n =  1 1 ¶ B =T 

dl - do 
- fo = a or 6 0 J f i  - aI or 6il 0 

one o b t a i n s  

and 
= 16" 26 '  531.1168 6i 
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. 

. 
c 

4 )  Compute t h e  d i f f e r e n t i a l  c o r r e c t i o n  t o  t h e  r i g h t  
a s c e n s i o n  and t o  the  d e c l i n a t i o n s  u s i n g  t h e  s h o r t  p e r i o d  terms 
o f  n u t a t i o n  a t  t h e  n e a r e s t  i n t e g e r  day p r e c e d i n g  (6a0 and 6%) 
t h e  e v e n t  t i m e  d and t h e  n e a r e s t  i n t e g e r  day f o l l o w i n g  

(Aal and A d l )  t h e  e v e n t  by  
e 

I n t e r p o l a t e  t h e  d i f f e r e n t i a l  c o r r e c t i o n s  l i n e a r l y  t o  t h e  e v e n t  
t i m e  and add as shown 

+ Aao + ( d e  -d ) (Aal  - Aa0) i P 
a =  

6 = 6 + A d o  + (de -dp)  ( A d l  - A 6 0 )  i 
11 

6 = 16' 2 6 '  5 3 . 2 6 0  

5 )  Compute t h e  components of  t h e  i n t e r p o l a t e d  s t a r  
p l a c e  i n  t r u e  e q u a t o r i a l  c o o r d i n a t e s  a t  de 

X = c o s 6 c o s a  = 0.35123137 

Y = c o s d s i n a  = 0.89244508 

Z = s i n 6  = 0,28314508 

6 )  Compute t h e  mean o b l i q u i t y  by u s i n g  a fo rmula  g i v e n  
on page  9 8  o f  t h e  "Exp lana to ry  Supplement t o  t h e  Ephemeris"  

0 0 

= 2 3 . 4 5 2 2 9 4  - 0.0035626D + 

- 0?000000123D2 + 0~0000000103D3 

€ 0  

where 
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a r e  conve r t ed  i n t o  J u l i a n  Dates de and dJan 0 . 5 ,  1 9 0 0  

J ' D *  Of d Jan  0 . 5  1900 = 2415020.0 

J . D .  of' de = 2439985.233 

The mean o b l i q u i t y  i s  
0 

= 2 3 . 4 4 3 4 1 0  
€ 0  

7 )  Compute t h e  n u t a t i o n  i n  l o n g i t u d e  and i n  o b l i q u i t y  
a t  t h e  e v e n t  t i m e .  S i n c e  t h e  t a b l e s  a r e  i n  ephemer is  t ime 
( E . T . ) ,  one d e t e r m i n e s  t h e  even t  t i m e  i n  E . T .  by 

1 
de = de t AT 

where f o r  1968,  AT = O.tJ004. d 

The n u t a t i o n  i n  l o n g i t u d e  i s  g i v e n  by 

and t h u s  
I I  

A $  = 6 . 1 8 2  

The n e g a t i v e  o f  t h e  n u t a t i o n  i n  o b l i q u i t y  i s  g i v e n  b y  
1 

B = Bo t (de - d p )  (B1 -Bo) 

which y i e l d s  
I1 

B = -8.775 

and 
I1 

A €  = 8.775 

8 )  Apply the n u t a t i o n  m a t r i x  t o  c o n v e r t  t h e  s t a r  p l a c e  
from t h e  t r u e  equator -equinox c o o r d i n a t e s  (K> of  d a t e  de t o  
mean (Rm), of  d a t e  

- 
Rm = CN] E 
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where 
.I 

1.0 -0.27396253~10-~ 0.11880068~10-~ 

1.0 0.42539494~10-~ 

-0.42539494~10-~ 1.0 - 

= 0.35120356 'm 

Then 

= 0.89247074 'm 

9) Compute the Euler angles required for the precession 
matrix using Newcomb's formula (section 3.2), here converted 
to degree and days s i n c e  Jan OGO, 1950 (J.D. 2433281.5) 

5 = (001752983 + 2900694 x 10-6Do)D 
+ 60289 x 10 -6D2 -k 0:1025 x 

0 -6D2 

e = (0.1524946 - 17.761 x ~ o - ~ D ~ ) D  

z = 5 + 16.4694 x 10 
0 0 

-6 2 0 

- 8.869 x 10 D - 002394. x 10-6D3 

where Do = 10-'dO and D = d o  and d are d 

do - - de -2433281.5 

fined b 
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One o b t a i n s  f o r  t h e  E u l e r  a n g l e s  

5 = -3.9304111 x r a d i a n s  

z = -3.9304159 x r a d i a n s  

o = -3.4184843 x r a d i a n s  

10) Apply  t h e  p r e c e s s i o n  m a t r i x  [ P I  t o  t r a n s f o r m  from 
t h e  mean equa to r -equ inox  c o o r d i n a t e s  (R) o f  da t e  i n t o  t h e  

mean equa to r -equ inox  c o o r d i n a t e s  o f  t h e  n e a r e s t  BNY (EBNy) b y  

- 
R~~~ = [P]iim 

where 

1.0 -0.78608270 x -0.34184843 x 

x 1 . 0  -0.13436065 x 10 

0.34184843 x l o m 4  -0.13436049 x 1.0 

One o b t a i n s  for t h e  f i n a l  answer 

X = 0.35128339 

Y = 0.89244314 

Z = 0.28309928 



8 + s  
43.690, 3 

43.643 p 
43561 - 
43.445 - 
13.687 - y 

-y 
51.84-1s 
53.60 
5517 -m 
5650 ,- 
5758 a 

8 + a  
05.600 + 
05.619- a 
05596, 0 
05533, y)) 
05.433- 1)1 

m - w  
55.06, b 
5487, 1) 
W6860, b 
54.49, 1) 
5430, 

13.300, m 
43.U6, la 
42.958, 
42.780. M 
42.610 
42.456 - w 
42330- n 
42237, w 
42.183- u 
42.173 + 15 

5836, a 
50.85, 
59.03 + I) 
5 8 9 0 . 0  
58.47 + n 
57.74 +m 
5670+, 
55.41 += 
53.85 +in 
52.06,m 

05302, 
05151 - y 
04.986 - y1 
04.820 - 
04.663, u) 
04524 - y~ 
04.416, m 
04342, 31 

5411, a 
53.90 - a 
53.69 - I) 
53.49 - 
5330- y 

5314 , 
53.03 - 3 
53.00, 7 

42756, 
42643, a 
42562 u 
42521+ 3 
42.524. 6 

42569 + n 
4 2 . 4 6 0 + ~  
42194 + 
42.965 + 
43173 + 

43.410 + y~ 
43670 + p 
43.951 + m 
44242 + m 
44541 + 

44.043.m 
45141 + 211 
45.432 + 
45.714 + 
45.979 + 

5922 + y 
% 5 6 +  6 
57.71 +10( 
W + m  
5 5 3 9 + ~  
53.95 +m 
5236+ln 
50.66 +1I) 
48.86 +m 
47.02 +m 
4519 
43.43 +m 
41-79 + ~ 7  
4032 += 
39.06 +m 
3 U 6 + *  
3737 + 
36.90 + 5 
36.93 - 
3720 - y 

42206 + 0 
42.286 + ~f) 

42.409 + 
42571 + go 
42.771 + 

43.002 + 
43.258 + m 
43536 + 211 
43.827 + II) 
UJ25  + 

44.429 + 

44.720 + m 
45.022 + 
45305 + y 
45571 + ~y 

50.09 +tu 
47.94 +PJ 
45.69 +a 
4338 +a 
41.06 += 
30.81 +a 
36.69 +m 
34.75 +a 
33.07 +- 
31.69 += 

30.67 + Q 

30.05 + a 
29.82 , a 
30.02 - 
30.63 - 

04306 + y~ 
04.494 + 1l) 
04.647.m 
04.839 + m 
05.068 + 

5357 + e 
54.02 + # 
54.61.n 
5532 + 8 
5615 + n 

05327 + ~p 
0 5 . 6 0 9 + ~  
05.910 + w 
06223 + 
06541 + 

57.06 + w 
58.03+m 
59.03 + 0 
60.02 + 
60.97 + 

06862 + ~7 
07179+= 
07.400+- 
07.700 + ab 
081171+y 
08339 + 
08586.m 
00.807 + m 
09.003 + 
W 1 6 6 + ~  
09292 + 
09381 + y 
09.427. 5 
09.432, n 

61.85 + n 
62.62+6 
6 3 . 2 7 . ~  
63.78 + y 
6414.11 
6438 + u, 
64.40+@ 
64.48- 9 
6439 - 1) 
6 4 2 4 - n  
64.05- I) 
63.85- 1) 
63.63- a 
63.42, a 

45.821 + m 
46.Q48 + go 
46.248 + u) 
46.420 + 01 
46.558, y~ 

31.61 -w 
32.93 -m 
3453 -= 
3633 -m 
3027 -m 

46229 + za, 
46.457 + w 
4 U 1 +  
46838, w 
46.90 + 

37.76 - 
3059 -m 
39.65 - 
40.W -u( 
4221 -m 

'- 40 - 

APPARENT PLACES OF STARS, 1968 
AT UPPER TRANSIT AT GREENWICH 

73 

No. 

Nom 

169 

Y Erld.nl 

b.12 B2 

172 

53 Erldonl. 

3.90 KO KO 3.u 

R. A. 

4h34m 
' + l l  

19514, 
19.479 I w 
19.400 - 
19282, 
19126, 16 

18738- a7 

18304, 
111097- y 

17.909 - 
17.750 - 
17.627, p 
17.545- n 
17512. 1) 

la941 - g) 
18521,01 

17525. 0 
17588 + 1~ 

laOH + b( 
18289 + 2u 

i a w 3  + ,,, 

17.701 + a 
17.856 + lg 

18553 + 

19149 + 17 
19.466 + 

19.790 + )IP 
20110 + sM 

20125 + 31 

21.499 + g( 
21,699 + y 
21865,m 
2L99Q+ (I 
22.073+ a 
22113- 1 
22106- u 
22.055- 

20.424 + 

21.006 + w 
2L267 + 

. + 4 34 +16 26 

D.C. U. T. 

d 
I 4 
I 3.9 
I 13.9 
I 23.9 
I 2.8 
I 12.8 
I 22.8 
I 3.7 
I 13.7 
I 23.7 
I 2.7 
I 12.6 
E 22.6 
P 2.6 

P 225 
E 1 5  
E 115 
E 21.4 
PI 1.4 
PI 11.4 
B 21.4 
B 313 
1 1 0 3  
E 203 
E 303 

9 2  
E 192 
P 292 
1 9 1  

191 
x 291 
n u  
n iao 
n 20.0 

n 27.9 
n 37.9 

hh 
r i m d  -* - 4Wt 

P 7.9 
P 17.9 

- 
- 
- 
lyIfm 

18314 
+u62 

36.92 
4 5 9 2  

~~~ ~ 

+0.047 M15 
+0.014 M.93 

+OB5 9 1 4  
+Q.W6 +0.93 

N a m b u  29 N a m k r  29 

F I GURE 12 -"APPARENT PLACES OF FUNDAMENTAL STARS" 



c 

Jan. o 
I 
2 
3 
4 

s 
6 
7 
s 
9 

IO 
I I  
1 2  
13 
14 

15 
16 
17 
18 
19 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 

30 
31 

Feb. I 

. 3 

4 
5 
6 
7 
8 

9 
IO 
11 
I2 

2 

'3 

14 
'5 

478 

+ 85 
+ow 
+ 2 8 9  
+31a 
+2& 

+205 

+ I W  
- 3  

-173 

-213 
-214 
-178 
-112 
- 26 
+ 63 

- 1 0 0  

+135 
+I74 
+167 
+113 

- 85 
-182 

-243 
-251 

-199 
- 97 
+ 32 
+is7 
+253 

+a97 
+zX6 
+226 
+I33 
+ 25' 

- 7 7  
-159 
-210 
-224 
-200 

+ 21 

-143 
- 63 + 18 
+ I 1 0  
+ I 4  

+I39 
+it6 

7 (o!oor) 

- 1 1 0  
-88 
- 46 
+ 4  
+ 50 

+ %  

+99 
+ &  
+ 48 

+ 7  
- 35 - 71 
- 95 - 103 
- 91 - 62 
- 18 
+ 32 
+ 75 

+ 103 
+ 107  
+ 8 6  
+ 45 
- 8  

- 59 
-96 

- s s  
- 63 
- 15 
+34 
+ 74 
+98 + 103 

+ e  
+60 
+ 21 
- 21 
- 6 0  

+IO1 

- 1 1 0  

-89 - 103 - s s  - 74 - 33 
+ 17 
+ 65 - 

TABLE I, rg68 
SHORT-PERIOD TERMS OF NUTATION - 
Date - 

Fcb. 15 
16 
17 
18 
19 

lo 
11 
2 1  

23 
14 

05 
16 
27 
28 
29 

Mar. I 

3 
4 
5 

6 
7 
8 
9 

'1 

IO 

11 
12 

13 
14 
' 5  

16 
17 
18 
19 
2 0  

1 1  
11 

13 
24 
35 

16 
27 
18 
19 
30 

31 
Apr. I - 

+ 139 
+ 58 
- 47 - 149 
-119 

- 239 - 199 

+ 9  + 131 
+a31 
+ 288 
+ 293 
+ 247 + 163 

-110 

+ 58 
- 49 - 140 
-219 

-218 
-173 

- 16 

- 102 

- IOC 

+ %  

+ I 3 4  
+ 14 
+ 147 + 82 
- I7 
-124 
- 267 
- 140 
-la6 

- 6  
+I21 
+217 
+ 292 
+ 308 

+a73 
+I97 
+96 - 14 

-211 

-111 

- I85 
-223 - 

t 65 

t 9 6  
57 

t 6  
- 47 
-88 - 108 
- 103 
- 75 - 31 
+ 18 
+ 61 
f 92 

f 1% 
+96 
t 72 
+ 3s 
- 7  

- 48 
- 81 

t 1 0 0  
t l l l  

-100 
- 102 

- 85 

- 50 
- 3  
+ 48 
+ 91 
+ I l l  

+ 106 
+ 74 

- 3 4  
- 8 0  

- 106 - 106 

- 43 
+ 6  

+ 51 
+ 85 
+loa 

+ 81 

+ 22 

- 83 

+ 101 

+ 48 
+ 7  - 

- 
m t c  - 

4pr. I 
1 

3 
4 
5 
6 
7 
8 
9 

1 0  

11  
I2 
I3 
14 
'5 
16 
17 
18 
19 
2 0  

21 
2 1  

23 
24 
25 

26 
27 
28 
29 
30 

May I 
2 
3 
4 
5 
6 

10 

(o!o01) 

-213 
-21s 
- 191 
-129 
- 50 
+ 32 

+ 142 
+ 141 
+ w  
+ 7  

- lg8 
-253 
- 244 
- 1 6 9  
- 46 
+ 93 
+it6 
+ 197 

+ 1 0 1  

- 101 

+ 3* + 302 
+a33 
+I37 + a8 

- 75 
-156 
- 205 
- 2 1 8  

- 1 9 4  

- 140 
- 67 
+ 81 
+116 

+136 
+ 103 

+ 12 

+s -+ - 1  I 

-158 
- 278 
-228 
-116 
+ P  

+ 173 
+a& - 

+ 7  
- 35 - 71 
- 95 
- 104 

- 93 - 65 
+ 18 
+ 74 

+ 1 0 6  
+113 
+ 91 
+ u  
- 15 
-68 - 103 
- 1 1 1  
- 92 
- 54 
- 6  
+ 41 
+ I 0 0  
+ 102 
+ 88 
+ 58 + 18 
- 24 
- 62 

- 12 

+ 78 

- 8 9  

- 97 - 74 
- 38 
+ 9  
+ 57 
+94 
+ loa 

+ 6s + i a  
- 4q 
- 9s 
-114 

-69 

- 102 

+I12 

- 104 

- 

(O!o01) 

+ 180 
+ 332 
+315 + 268 
+176 

+6, 
- 36 - 124 
- 182 
- 20s 

-188 
-141 
- 72 
+ 6  
+ 77 

+I27 
+ I43 
+ I 1 8  
+ 54 - 41 
-152 
- 145 
- 294 
- 277 - 191 
- 55 
+99 + 230 
+312 
+331 

+ 292 

+ 106 

- 9 4  

-159 
- 1 9 0  
-183 - 142 
- 77 
+ 2  

+ 77 
+I33 
+ I 5 8  + 142 
+ %  

+a11 

- I  

- 6  - 

-6, 

). 29 
1 70 
1 9 6  
b 103 

92 
b 6 6  
k 28 
- 13 
- 53 - 83 

- 21 

- 100 

-99 - 81 

- 47 
- 4  
4- 42 
t 82 
t 106 

t 106 
t 81 
+ 33 - 26 
- 78 

-113 
- 87 - 40 
+ 13 

+ 6 0  
+ 91 
+ 104 
+ 97 
+ 74 

-110 

+ 38 
- 3  
-44 - 77 - 97 

- 8 6  
- 55 - I3 
+ 32 
+ 73 
+ I 0 0  

- I o 0  

- 
Corrections to apparent places of io-day r t ~ n  arc given by: 

where + and da arc to be taken from the talle above, and their d c i m t m  arc tabdated uadcr each rtU. 

Aa = da(r). + + da(r) * de Ab = dd(*) - + &(a). d8 

FIGURE 13 -"APPARENT PLACES OF FUNDAMENTAL STARS" 



- 42 - 

Date 

Apr. I 
2 
3 
4 
5 

6 
7 
X 
9 

10 

I 1  
I2 
13 
14 
' 5  

16 
17 
I X  
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

May I 
2 

-3 
4 
5 

6 
7 
8 
9 

10 

11 
I2 - 13 
14 
'5 

16 
I7 

TABLE 11, x g 6 8  
SIDEREAL TIME AT d U.T. 

~ 

Sidereal Time 

Appurrnt 

12 57 22.039 
13 01 18.598 
13 0 s  I5.154 
13 09 11.708 
13 13 08.260 

13 17 04.809 
13 21 01.356 
13 24 57.905 
13 28 54.456 
13 32 51.oir 

13 36 47.570 

13 44 400.696 
13 48 37.258 
13 52 33.818 

13 56 30.375 

13 40 44.132 

14 00 26.928 
14 04 23.479 
14 61 20.028 
14 12 16.577 

14 16 13.126 

14 24 -06.229 
14 28 02.784 

14 20 09.677 

14 31 59.341 

15 31 "7.701 

31 

F I GURE 

\lean - 
;9!628 
16. I 83 
12.739 
19 294 
5.49 

12.405 
I 8.960 
15.516 
I 2.07 I 
18.626 

,5.182 

,1.737 
5n.291 
54.848 
I I .403 

47.958 

41.065 
37.62! 
W.I& 

30.73! 

23.84t 
20.401 
16.955 

10.06; 
6.62: 
03.17) 
59.7 Y 

56.2& 
52.Q 
4 9 - e  
45-95! 

39.064 
35.6a 

18.73: 
15.e 

21.4, 
88.391 
14-95. 
11.50 
61.06, 

04.611 
01.17 

U-514 

27.291 

13.51i 

42.51f 

j1.17c 

Equation 
I f  Equinox- 

nng- Short- 
' e n d  I'criod 

(01001) 

- 360 
- 363 
- 365 
- 366 

- 367 
- 369 
- 370 
-371 
- 372 

-373 
- 374 
-375 
- 376 
- 377 

-378 
- 379 
-379 
- 3 k  
- 380 
-381 
-381 
-381 
-381 
-381 

-381 
-381 
-381 
-381 
- 380 

- 380 
- 380 
-379 
-378 
-378 

-377 
-376 
-375 
-374 
-372 

-371 - 370 - 368 - 367 
- 365 

-363 
-362 

-362 
- 14 
- 14 
-12 
- 8  
- 3  

+ 2  
t 6  
+ 9  
+ 9  
+ 6  

0 
- 6  

-15  
-1s 

- 1 2  

- 10 

- 3  
+ 6  
+ 13 
+ I n  

+ 20 

+ 19 
+ 14 
+ H  
+ 2  

- 5  

-13 
-13 

-10 

-12 

- 9  
- 4  
+ I  
+ S  
+ 8  

+ 8  
+ 6  
+ 2  

- 4  
-11 

_I 

-16 
-17 
-14 
- 7  
+ z  

+ I 1  
+ I 7  

- 

mtr 

- 
lay 17 

19 
In 

2 0  
2 1  

22 
23 
24 
25 
26 

27 
28 
29 
30 
31 

une I 
2 
3 
4 
5 

6 
7 e 
9 

IC 

11 
11 
1: 

14 
'! 

It 
1; 
I t  

I! 
2( 

2 
2: 

2, 
2: 

1: 

21 
2' 
2 
2' 
3 

July 

I 4  -"APPARENT PLACES 

Sidered Time 

sh 39"00!830 
5 42 57.391 
5 46 53.948 
5 50 50.50' 
5 54 47.053 

5 58 43.- 
6 02 40.155 
6 06 36.708 
6 IO 33.362 
6 r4 29.818 

6 18 26.377 
6 22 22.938 
6 26 19.500 
6 30 16.063 
6 34 12.625 

6 38 09.187 

16 46 02.302 
16 49 58.857 
16 53 55.409 

16 57 51.961 
17 01 48.514 

17 13 38.192 

6 42 05.746 

17 0.5 45.069 
I7 Og 41.W 

17 37 17.574 
17 41 14.121 
17 45 1o.m 
17 49 07.23: 
I7 53 03-78! 

17 57 00.33! 
18 M 56.w 
18 04 S W S !  
I 8  08 50.01: 
18 12 46.57! 

18 x )  39.7a 
18 y 36.d 
18 a8 32.8% 

18 16 43.14: 

18 32 29.9 

18 36 25.9) 
18 40 22.49 

- 
UCUl - 
,If175 
i7.730 
W.285 
;0.4 I 
17.396 

13.952 
P. 507 
57.062 
53.618 
50.173 

26.728 
23.24 
19.839 

I 2.950 

og-505 
06.061 
02.616 
59.171 
55.717 

52.289 
48.837 
45.393 
41.948 
38.503 

35.055 
31.614 
18. I 7c 
24.72! 
21.28C 

16- 394 

17.83t 
14.391 

07.50: 
10.9)t 

04.05; 

00.61: 
57.161 
53.7a. 

46.83 

43.38 
39.94 
36.50 
33.05 
29.61 

16.16 
22.72 

50.271 

4m 

Equdcm 
If Equinoxa 

(O!O01) 

- 362 
- 360 
- 358 
-356 
- 354 

-352 - 349 
-347 
-345 
-342 

- 340 
-337 
-335 
- 332 
-319 

-326 
- 324 
-321 
-318 
-315 

-312 
-309 
- 306 
- 302 
- 299 

- 296 
-193 - 290 
-286 
-283 

- 280 
-277 
-273 - 170 
-%7 

-263 
- 260 
-257 
-253 
-150 

- Y 7  - Y3 - 24a 
-237 
-234 

-23c 
-22? 

DF FUNDAMENTAL STARS" 

17 
20 
20 
16 
I 1  

' 4  
' 2  
. 8  
. I  I 
.I2 

. I 1  
- 9  
- 4  

- 5  

1 8  
19 
1 7  
1 3  
- 3  

- 9  
-15 
-I8 
-17 

0 

-12  

- 3  
t 6  
4- 14 
+I9 
t 20 

+18 
+I3 
+ 6  

- 6  
0 

-IO 
-12 
- 1 1  

- 9  
- 5  

0 

+ 5  
+ 8  

+ 9  

+ 5  

+IO 

0 



- 4.3 - 

SUN, 1968 2 2  

FOR Oh EPHEMERIS TIME 
-- - .  - 

5.907 
5.927 
5.003 

- 6.0~8 
6.223 
6.335 
6.405 
6.410 

- 6.347 
6.235 

45.343 
45.384 
45'41'4 

45'440 
45.435 
45.402 
4 5.34.3 
45.270 

45.204 
45.156 

8.73 
8.72 

8.72 
8.72 
8.72 
8.72 
8.71 

8.71 
8.71 
8.71 
8.71 
8 . 7 ~  

B.70 
8.70 

17.579 
17.717 
17.854 

+ 17'992 
18.129 
18.267 
18.405 
18.542 

t18.680 
+18.818 

TO obtain the longitude referred to the mean equinox of 1950.0, subtmct 15' 04'9. 

F I  GURE I 5  -"AMER I CAN EPHEMER I S"  
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BESSELIAN DAY SUJIBERS, 1968 
- A 6  

264 

1- 
I 

I2 

I3 
I4 
'5 
16 

'7 
18 
19 
2 0  

2 1  

2 2  

23 
24 
2 5  

May I 

3 
4 
5 

T 4.096 
4.183 
4.274 
4.360 
4.438 

16 + 5.152 
17 4 5.261 

---- 
C' 

-~ 

- 18.437 
18.370 
18.297 

18.134 

- 18.045 

17.850 
17.746 
17.636 

-17.522 

18.218 

17-950 

17.404 
17.280 

17.020 

-16.883 

16.594 
16.443 
16.287 

-16.126 

15.789 
15.614 
15'433 

15.059 

14.666 

17.152 

16.741 

15.960 

-15.248 

14.864 

14.463 
-14.256 

14.045 
13.830 
13-61 I 
13.388 

- 13- 162 
12.933 
12.700 
12.464 
12.225 

- I I 9 8 4  
II-73Y 

11.241 
10.988 

- 10.472 

I 1.492 

-10.731 

I )  
~ 

- 4'037 
4.384 
4.728 
5.071 
5.41 I 

- 5'750 
6.086 
6.420 
6.752 
7.080 

- 7'407 
7.731 
8.052 
8.371 
8.688 

- 9.003 
9.315 
9.625 
9.932 

10.237 

- 10.539 
10.838 
11.134 
I I ,427 
11.716 

-1Z.00Z 
12.284 
12.562 
I 2.836 
13.106 

-13,372 
13.633 
13.890 
14.143 
14'391 

- 14.634 
14.873 
15.107 

15.337 
15.562 

- 15.783 
15'999 
16.211 
16.419 
16.623 

-16.823 
-17.018 

9 
0 

0 
0 

9 
C) 

(3 
9 
9 

- 9  
9 
9 

9 

9 
9 
9 
9 
9 

9 
c) 

9 
9 
9 

- 9  
9 

I O  

I O  

9 

9 
9 
9 
9 
9 

9 
9 
9 
9 
9 

- 9  
9 
9 
9 
9 

- 9  
- 8  

-223 
- 2 2 5  

- 101  

- I 2 9  

- 50 

+ 32 

+ I 4 2  
+ '4' 
+ 94 

+ 7  

-198 
-2S3 
-244 
- I 6q 
- 46 
t- 93 
+ 2 1 6  

+207 

+326 
+302 
+233 
+I37 
+ 2 8  

-- 75 
-156 
- 20s 

-194  

~ I4C 
-- 67 
+ 1 2  

+ 81 
+ I 2 6  

+-I36 
+103 
+ 28 
- 79 
-181 

-25)J 

-228 
-116 

+ 3c 

+I73 
+ 28c 

+ I O 1  

- IO1  

-21n 

- 27k 

c 7  
- 35 
- 7' 

95 
- 104 

- C33 
- 65 

t 28 
+- 74 
c 106 
t i 1 3  
+ 91 
+ 44 
- 15 

- 68 

- 2 2  

-103 

- 92 
- 54 
- 6  
+ 41 
+ 78 

-111 

+ I O 0  
+ I O 2  

+ 88 
+ 58 
+ 18 

24 
- 62 

- 8s 
- IO2 

- 97 
- 74 
- 3E 

+ (  

+ 57 
+ 0 4  
+ I 1 2  
+ IO1 

+ 65 
+ I C  
- 45 
- 95 
-1 1 4  

-104 
- 65 

FI  GURE I 6  -"AMER ICAN EPHEMER I S"  

T 5 'I' 

14.0 
14.1 
14.1 
14'2 

'4'3 
14.3 
14.4 
14.5 

.3469 
'3497 
'3524 
.3552 

+0.3579 
.3606 
.3634 
,3661 
.3688 

+0-3716 
+0-3743 
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5 . 2  Reduc t ion  From Mean P lace  Data  

The "Apparent  P l a c e  o f  Fundamental  S t a r s "  and t h e  
"American Ephemeris' '  g i v e  t h e  mean p l a c e  o f  a s t a r  a t  t h e  
c u r r e n t  BNY i n  t h e  h e l i o c e n t r i c  mean equa to r -equ inox  c o o r d i n a t e  
sys t em of t h e  cu r re ,n t  BNY. T h i s  i s  t h e  s t a r t i n g  p o i n t ,  and t h e  
s t e p s  a r e  as f o l l o w s :  

5.2.1 Summary of Computation P rocedure  

1. Apply p r o p e r  motion to f i n d  t h e  s t a r  mean p l a c e  
a t  t h e  d e s i r e d  t i m e .  

2 .  Compute t h e  u n i t  v e c t o r  u o f  t h e  s t a r ' s  p l a c e ,  

3 .  F i n d  t h e  e a r t h ' s  p o s i t i o n  ( f rom t h e  T a b l e s  of  t h e  

c 

Sun) i n  e c l i p t i c  c o o r d i n a t e s .  

4 .  Use t h e  c o n s t a n t  of  a b e r r a t i o n  K to f i n d  t h e  
a b e r r a t i o n  components i n  e c l i p t f c  c o o r d i n a t e s .  

5 .  Transform t h e  r e s u l t s  o f  ( 3 )  and (4) i n t o  mean 
equz to r -equ inox  c o o r d i n a t e s .  

6 .  Apply t h e  formula  f o r  t h e  a p p a r e n t  p l a c e ,  

1. a. = c a t a l o g  mean r i g h t  a s c e n s i o n  of  t h e  s t a r  i n  
h o u r s ,  minu te s ,  and s e c o n d s .  

2. 6, = c a t a l o g  mean d e c l i n a t i o n  o f  t h e  s t a r  i n  
d e g r e e s ,  m i n u t e s ,  and s e c o n d s .  

3 .  U a  = a n n u a l  p rope r  mot ion  o f  t h e  s t a r  i n  r i g h t  
a s c e n s i o n  e x p r e s s e d  i n  hour  seconds .  

4. U 6  = a n n u a l  p rope r  mot ion  o f  t h e  s t a r  i n  d e c l i n a -  
t i o n  expres sed  i n  a r c  s e c o n d s .  

5 .  TT .= s t e l l a r  p a r a l l a x  i n  a r c  seconds .  

6 .  K = c o n s t a n t  o f  a b e r r a t i o n  i n  a r c  seconds .  

7 .  de  = d a t e  of  event  i n  y e a r s ,  months,  days  and 
f r a c t i o n a l  p a r t  t h e r e o f  o f  U . T .  

8 .  d = d a t e  s p e c i f i e d  t o  t h e  n e a r e s t  i n t e g e r  d a y  
p r i o r  to de i n  y e a r s ,  months,  and days  o f  E . T .  

9 .  dBNy= d a t e  of  t h e  nearest  BNY i n  y e a r s ,  months,  
d a y s  and f r a c t i o n a l  p a r t s  t h e r e o f  of  U.T.  
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10. x o c  = t r u e  l o n g i t u d e  of t h e  sun  from t h e  mean 
equinox of  t h e  BNY i n  d e g r e e s ,  m i n u t e s ,  
and seconds a t  d . 

P 
11. Re 

A l l  and Al' = t h e  f i r s t  d i f f e r e n c e  f o r  A o c  and 
2 2 R c ,  r e s p e c t i v e l y ,  g i v e n  i n  a r c  

= magnitude o f  t h e  r a d i u s  v e c t o r  to t h e  sun  
i n  a s t r o n o m i c a l  u n i t s  a t  d . 

P 
1 2 .  

- - 

seconds  and a s t r o n o m i c a l  u n i t s .  

5 . 2 . 3  I n p u t  Data f o r  Sample Computat ion 

The mean p l a c e  of a T a u r i  t a k e n  from t h e  "Apparent 
P l a c e s  of  S t a r s "  ( p .  73,  F i g u r e  1 7 )  a t  dgNy = 1 . 2 8 3  J a n u a r y  
1 9 6 8  U.T .  i s  

A l t e r n a t e l y ,  t h e  mean p l a c e  o f  a T a u r i  t a k e n  from - page 285 ( F i g u r e  1 8 )  of t h e  "American Ephemeris" a t  dgNy - 
1 . 2 8 3  J a n u a r y  1968  i s  

a = 4h 34" 0 4 ? 9  

= 16" 2 6 '  47"  

0 

6o 

The p r o p e r  motion o f  a T a u r i  from "SA0 S t a r  Ca ta log"  
( F i g u r e  19) i s  

a T a u r i  i s  l o c a t e d  -n t h e  "SA0 S t a r  Ca ta log"  by i t s  approx ima te  
r i g h t  a s c e n s i o n ,  magni tude (1.1 f o r  a T a u r i ) ,  and F K - 4  c a t a l o g  
number ( 1 6 8 ) ,  g i v e n  i n  t h e  APFS. 

The p a r a l l a x  of a T a u r i  f rom t h e  "Genera l  Ca ta logue  
of T r i g o n o m e t r i c  Paral laxes ' '  ( F i g u r e  20)  i s  

11 

TT = 0 . 0 4 8  
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. 

~1 T a u r i  i s  l o c a t e d  i n  t h e  c a t a l o g  by i t s  approximate  r i g h t  
a s c e n s i o n  and magni tude .  CL T a u r i  i s  s t a r  number 1 0 1 4  i n  t h i s  
c a t a l o g .  

The r a d i u s  v e c t o r  t o  t h e  s u n ,  t h e  l o n g i t u d e  o f  t h e  
s u n ,  and t h e i r  cor r ' esponding  f i r s t  d i f f e r e n c e s  a r e  o b t a i n e d  
from Page 2 2  and 2 3  ( F i g u r e s  2 1  and 2 2 )  of t h e  "American 
Ephemeris"  a t  d = May 8 ,  1968 E . T .  They a re  as f o l l o w s  

P 

I 1  

= 47' 2 7 '  5 1 . 2  

I 11 

A l  = 3479 .9  

Re = 1.0094301 

h1 = 0 . 0 0 0 2 2 8 8  
I 

T 
de = 8!7333 May 1 9 6 8  U.T. 

and t h e  c o n s t a n t  ( K )  o f  a b e r r a t i o n  (see "Supplement t o  t h e  
A . E .  1 9 6 8 )  i s  

1 1  

K = 20.496 

5 . 2 . 4  Sample Computation 

The sample computa t ion  i s  g i v e n  t w i c e  u s i n g  f i r s t  
t h e  mean p l a c e  s t a r  d a t a  of t h e  APFS and second t h a t  o f  t h e  
American Ephemer is .  Fo r  the APFS s t a r  da t a ,  t h e  computa t ion  
p r o c e e d s  as f o l l o w s  

1. Compute t h e  s tar  mean p l a c e  a t  t h e  e v e n t  t i m e ,  de 

and  

a = a 0  + (de  - d B N Y )  l~ = 4h 34" 0 4 ? 8 9 1  
o! 365 .242  

(de  - d ~ ~ ~ l  = 1 6 O  2 6 '  46'.1996 365.242 YS 6 = 6 0 +  



, 
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2 .  Compute t h e  components o f  t h e  u n i t  v e c t o r  u 
C 

x = C O S ~ C O S ~  = 0.35119674 

Y = cos6s ina  = 0.89247209 
C 

C 

3 .  F ind  t h e  s u n ' s  l o n g i t u d e  'Ao a t  t h e  e v e n t  t i m e  d e ,  

S i n c e  t h e  t ab le s  are i n  ephemer is  t i m e  ( E . T . ) ,  one d e t e r m i n e s  
t h e  e v e n t  time i n  E . T .  b y  

I 
de = de + AT 

d where for 1968,  AT = 0.00004 

= 1708711.12 + ( . 7 3 3 7 ) ( 3 4 7 9 . 9 )  

= 173424y20 = 48.173888 

xo 
0 

0 

= x - 180" 'e 0 

A e  
0 

= -131.8266111 

One s h o u l d  n o t e  t h a t  had t h e  e v e n t  o c c u r r e d  b e f o r e  t h e  B N Y ,  

would b e  measured from t h e  equinox o f  t h e  p r e c e d i n g  B N Y .  The  
a n n u a l  p r e c e s s i o n ,  computed f rom e q u a t i o n  28 of  t h e  t e x t ,  a l o n g  
t h e  e c l i p t i c  would have t o  b e  s u b t r a c t e d  from X e .  

c a l  u n i t s  f rom t h e  sun  t o  t h e  ea r th  

X e  

5 .  F ind  t h e  magnitude o f  t h e  r a d i u s  v e c t o r  i n  a s t ronomi -  

I f + ( d e  - d p )  A l  
2 

R = R - C 
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R = 1.0094301 + ( . 7 3 3 7 )  (0 .0002288)  

R = 1.00959797 a .u .  

6 .  F i n d  t h e  components o f  t h e  e a r t h ' s  p o s i t i o n  v e c t o r  
i n  e c l i p t i c  c o o r d i n a t e s  

= R c o s i e  = -0.67326612 a . u .  

= R s inX = -0.75233018 a . u .  

'eel .  

' ee l .  e 

' e e l .  = 0 . 0  

- 7 .  Compute t h e  components o f  t h e  a b e r r a t i o n  v e c t o r ,  

, i n  e c l i p t i c  c o o r d i n a t e s .  T h i s  v e c t o r  l e a d s  by g o o ,  
- 7  

- " f*  
C 

h e n c e  

if 

% 
- e c l  = -K s i n i  = 7.4045847 x 

C e 

- e c l  = K c o s i  = -6.6264203 x 
C e 

- e c l  = 0 
C 

8 .  Compute t h e  mean o b l i q u i t y  u s i n g  a fo rmula  g i v e n  
on page 9 8  of t h e  "Explana tory  Supplement  t o  t h e  Ephemeris"  

0 0 

6 = 23.452294 - O.OO35626D 
0 

0 2 0 

- 0.000000123D + 0 .  0000000103D3 

where  
-4 

= lo ( d e  - d J a n  Od5, 1900) 

are c o n v e r t e d  i n t o  J u l i a n  Dates de and d J a n  Od5, 1900 

= 2415020.0 
J * D '  O f  d J a n  0 . 5  1900 

J.D. of de = 2439985.233 
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The mean o b l i q u i t y  i s  

- 50 - 

0 
= 23.443410 

€ 0  

9 .  Transform t h e  components o f  and 7 "* from t h e  
e c l i p t i c  c o o r d i n a t e  s y s t e m  o f  t h e  n e a r e s t  BNY t o  t h e  mean 
e q u a t o r i a l  c o o r d i n a t e  s y s t e m  o f  t h e  n e a r e s t  BNY b y  

and 

- eq .  = [ T I  ' f*  e c l .  
'~ f *  

C 

where 

0 0 

0.91745347 -0 - 39784309 

0.39784309 

Then 

and 

nf - eq. = 7.4045847 x 
C 

n 

&f - C eq. = -2.6362755 x 
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M u l t i p l y  t h e  components o f  R b y  TI ( T  must f i r s t  b e  con- 
v e r t e d  i n t o  r a d i a n s ) .  eq * 

7 T Y  = 1.6062211 x 
eq * 

T I Z  = 6.9651922 x 
eq 

1 0 .  Compute t h e  components of  t h e  u n i t  v e c t o r  f o r  t h e  
a p p a r e n t  p l a c e  f rom t h e  ear th  b y  

- - 
u = u n i t  - T R + -  e C 

They  a re  

X = 0.35128342 

Y = 0.89244316 

Z = 0.28309926 

The computa t ion  u s i n g  t h e  mean p l a c e  s t a r  da ta  o f  
t h e  American Ephemer is  proceeds  as f o l l o w s  

1. 

2 .  

Compute t h e  s t a r  mean p l a c e  a t  t h e  e v e n t  t i m e  d 
e 

( d e  - d ~ ~ ~ )  = 4h 3Qm 04?899 365.242 'a a = a +  
0 

11 

= 16" 26 '  46.997 (de  - d ~ ~ ~ )  
365.242 ' 6  6 = 6 +  

0 

Compute t h e  components o f  t h e  u n i t  v e c t o r  u 
C 

Xc = cos6cosa  = .3511962O 

= c o s d s i n a  = .89247226 

= s i n 6  = .28311564 
z C  
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3.  The computa t ions  of S t e p s  3-9 a r e  e x a c t l y  t h e  same 
as t h o s e  o f  t h e  f i r s t  computa t ion .  Hence, t h e y  a re  not r e -  
p e a t e d  here .  

4 .  Compute t h e  components of  t h e  u n i t  v e c t o r  for t h e  
a p p a r e n t  p l a c e  by 

- m 
+ 51 C 

- 
e 

They  a re  

X = 0.35128287 

Y = 0.89244333 

Z = 0.28309941 



. 

1 + a  
05.600 + n 
35.619, a 
D5596, 0 
05533, 1po 
05.433, ~1 

05302, ~1 
05151, 
04.986- y1 
04.820 - ~7 
04.663, ~ 1 )  

- 53 - 

m - n  
55.06, n 
54.87- n 
54.68, n 
54.49, n 
5430- n 
5411 - 
53.90, 21 
53.69 , a 
53.49 , n 
5330, y 

APPARENT PLACES OF STARS, 1968 
AT UPPER TRANSIT AT G R E E N W I C H  

s + a  
43.866 + 8 
43.874, 12 

43.773, w 
43.042, 

43.669- 

73 

* - ~ f z  
5458 
55.82-111 
56.93- 
57.09, w 
58.68- 9) 

No 

I * )  
43.690 - 3 

43.643 - Q 

43561 - 116 
43.445 - 1 6  

43.687 - 44 

Norm 

' - m  
51.84 -176 

55.17 -m 
5650 
5758 - 
53.60.,7 

U. T. 

10.941 , 
18.738, a 7  

18304 - 
10.097 , 10 

18521 - a 7  

d 
I -61 
I 3.9 
I 13.9 
I 23.9 
I 2.0 
I 128 
I 228 
a 3.7 
I 13.7 
I 23.7 
H U  
H 12.6 
E 226 
P 2 6  
I 12.6 
P 225 
E 1 5  
E 115 
lfl 21.4 
a 1.4 
PI 11.4 
I 21.4 
a 313 
S 103 
E 203 
E 303 

9 2  
U 192 
B 292 
X 9 3  

191 
I 291 
x u  
x iao 
XI 2a0 
n 7.9 

n 27.9 
n 37.9 

--Ha 
U b t t r d  

P 17.9 

- 

43.76, y 
44.29, 

44.03 + 
43.28 +ly 

4439 + )6 

168 

a Tour1 
(Aldoboron) 

1.06 KS 

43536, SI 

43220- 
43.054 - u 7  
42.097 - 141 
42756, 
42.643- u 
42562, 41 
42521, 3 
42524. 6 

43385- UI) 

R.A.  I DOC. 

5927 - 41 
59.86. 2 
59.86 + 
59.65 + 0 

5922 + 66 
5856 + 6 
57.71 +m 
5 6 . 6 5 + ~  
55.39+144 

59.68. a 

h m  
4 3 4  1 4 6 0 2 6 .  

43300, w 
43.136. in 
42.958- in 
42.780 - lm 
42.610 - 

5836- a 
58.85, 1 
59.03 + u 
58.90 + 0 
58.47 + 2) 

04524, 
04.416, w 
04342, 31 
04311 + u 
04326 + 60 

04386 + 
04.494 + 

04.647.m 
04.039 + 
05.068 + 

5314, 
53.03 - 3 
53.00. 7 
53.07 + n 
5326 + 1 

5357 + 6 
54.02 + 9 
54.61+A 
5532 + Q 

5615 + 11 

17.909 , 19, 
17.750 , u) 
17.627, Q 

17545- n 
17512, u 
17525, 0 
17588 + 11) 
17.701 + 
17.856 + 19 
18.055 + 

04892 46.97 
+ID43 92%. 

42.11 += 
4055 +m 
3866+m 
36.45+m 
33.97.- 
31.29+, 
28.43 +m 
25-49 +m 
2254 +- 
19.62 +m 

9.068 9 1 5  
-0.007 9 .93  

42.456- u 
42330- 
42.237 - w 
42.183 - g 
42.173 + 11 

42.206. 0 
42.286 + 19 
42.409 + 

42571 + a 
42.771 + Dl 

43.002 + 
43.258 + m 
43.536 + 291 
43.827 + 
44.125 + 

i m  

57.74 +10( 
56.70 +- 

55.41 += 
53.85 +in 
52.06+m 
50.09 += 
47.94 += 
45.69 
4338 += 
41.06 +p5 
38.81 +m 
36.69 +is 
34.75 +m 
33.07 +m 
31.69 +m 

u' Erldonl 

42569 + 
42.660 + 
42.794 + in 
42.965 + ~g 
43.173 + 2)7 

3.88 KO 

53.95+m 
5236 +in 
50.65 +in 
48.86 +m 
47.02 +m 

I 

18289 + w 
18553 + 

19.l49 + 317 
19.466 + 

19.790 + 3a 

20.424 + 
20.725 + a 
21.006 + 

21267 + a, 
21.499 + 100 
21.699 + 111 
21.865 + 125 
21,990 + 

22.073 + 0 
22.113 - 7 
22106, g 
22.055, 

law , 

20110 + 3M 

R.A.  I Doc 

1&86+, 
1430 += 

1012 +m 
08.61 +m 
0759 + 9 

07.08 - 56 
07.63 ,106 
08.68 -M 
1019 -m 
12.13 - 
1439 -a 
16.90 -w 
1957 -= 
2226-w 
24.91 -a 
27.42-a 
29.68-M 

12.02 +lR 

07.08 + 0 

4h34rn I-30'37' 

43.410 + 
43.670 + a 
43.951 + 291 
44242 + 29) 
44541 + )02 

4519 +176 
43.43 +M 
41.79 +147 
4032 +m 
39.06 +lm 

05327 + 8 
05.609 + ~1 
05.910 + u) 

06541 + 
06223 + 3u 

57.06 + w 
58.03 +m 
59.03 + 9 

60.97 + a 
60.02 + 

+0.047 9 1 5  
+0.014 +0.93 

44.043 + m 
45141 + 291 
45.432 + a 
45.714 + 

November 29 

38.06 + 6~ 
3737 + 3p 
36.98 + 5 
36.93 - 21 

169 

1' Erldanl 

b.12 02 

44.429 + m 
44.728 + m 
45.022 + aa, 
45305 + 

45571 + 250 

4 34  rn l  - 3 ' 2 i  

30.67 + 
30.05 + 0 
29.82 a 
30.02 - 61 
30.63 - m 

06.062 + 317 
07179 + 
07.488 + 
07.700 + aa, 
08.071 + - 
08339 + a 7  
08586.m 

09.003 + 
09165 + 

08807 + m 

61.85 + 
62.62 + a 
63.27 + u 
0.78 + % 
6414 + a 
6438 + 10 
64.48, 0 
64.48- 9 
6439 , u 
6424 - 19 

46229 + 221 

46661 + i n  
46.038 + 
44983 + lu 

46.457 + a 
37.76 - 0 

39.65 -= 
40.87 -w 
4221 - 

3859 -a 

47.093. 4359-,I 
47168 + 44.96 -m 4 4629-, 47201, 
47195 - 4750 -M 

43.070 59.85 
+1.002 -0.060 

9.060 +014 
9.001 9 .93  

November 29 

172 

53 Erldanl. 

3.w KO 

R.A.  1 0.c: 

h r n  
4 36  1-14'21' 

42.777 55.66 
+1.032 -0.256 

+0.055 9 1 4  
9 ,006  9 . 9 3  

November 30 

F I GURE 17 -"APPARENT PLACES OF FUNDAMENTAL STARS" 



. 

ag. 

4.3 
4.7 
4.7 
4.1 
4.0 

4.6 
3.4 
4.6 
4.7 
2.8 

4.2 
3.1 
3-4 

4.2 

4.0 
4.5 
3.9 
3.9 
4.7 

4.3 
1.9 
3.8 
3.7 
4.4 

4.7 
4.5 
4.3 
3.8 
4.3 

4.3 
4.4 
4.6 
3.1 
4.6 

3.7 
3.9 
3.8 
3.9 
4.4 

3.8 
4.0 
4.2 
4.6 
4.3 

3.0 
4.7 
4.7 
3.8 

2-3 

- 54 - 
RIEAN PLACES OF STARS, 1968.0 285 

sp. 
-- 

FO 
K5 
K2 

GO, A< 
KO 
A2 
A2 
A2 
B5 
b10 

A 3  
F5, A, 

M3 

GO 

KO 
KO 
F8 

M3 
K5 

G5 
F5 
G5 
E8  
B9p 

B5 
KO 
KO 
KO 
B8 

B51; 
G5 
KO 
B5 
K2 

KO 
B1 
B51 
FS 
B5 

KO 
B5 
B5 
h12 
F8 

B5; 
M1 
A0 
B8 

B8 

Same Agi!:on 
h m  s 
___ 

2 48 33.3 
2 49 32.2 

2 51 58.6 

2 56 42.4 

2 57 22.6 
2 57 59.8 
3 00 36.2 

3 02 28.0 
3 03 07.1 
3 06 04.7 
3 06 44.8 

3 07 19.7 
3 09 47.7 

2 50 39.5 

2 54 51.7 

2 57 02.8 

3 00 58.8 

3 10 42.6 
3 18 05.5 
-3 18 23.9 

3 22 01.7 
3 23 05.3 
3 25 25.9 
3 26 27.7 

3 27 04.2 
3 28 18.5 
3 29 06.2 
3 31 25.3' 

3 34 12.4 
3 35 14.2 

3 40 38.3 

3 1839.1 

3 32 22.4 

3 35 56.7 

3 41 38.8 

3 41 42.8 
3 42 18.4 
3 42 58.3 
3 43 00.8 
3 43 17.9 

3 43 55.1 
3 44 25.4 

3 43 47.5 

3 44 37.6 
3 45 28.2 

3 45 34.7 
3 46 34.2 
3 46 57.0 
3 47 15.3 

16 Per 
17 Per 

Y Hyi 
T Per 
9 Elri 

i Per 
e Eri 
c Ari 

Cet 
a Cet 

z' Eri 
7 Per 
p Per 
6 Per 
6 Per 

K Per 
d Ari 
a For 

16 Eri 
+28O5 16 

82 G. Eri 
a Per 
o Tau 

Tau 
2 H. Can 

34 Per 
u Per 
5 Tau 
c Eri 

7 6  Eri 

+ Per 
10 Tau 

u Eri 
d Per 
h Eri 

d Eri 
o Per 

17 Tau 
Y Per 

19 Tau 

B Ret 
20 Tau 
23 Tau 
s Eri 

7 6  

(I Tau 
+65'369 

7 Cam 
27 Tau 

126-693 0 

1)rclination 

O ' "  

+38 11 17 
+34 55 45 

+52 37 58 

+39 32 09 

+21 12 48 
+ 8 46 51 
+ 3 57 55 

+53 22 57 
+38 4 3  03 
+40 50 01 
+49 29 33 

+44 44 15 
+19 36 25 

-75 11 52 

- !I 01 28 

-40 25 5G 

-23 44 56 

-29 06 45 
-21 52 24 
+28 56 01 

+49 44 56 
+ 8 55 03 
+ 9 37 21 
+59 49 50 

+49 2 3  58 
+47 53 11 
+I2 49 41 

C 33 5C 

+48 05 1t 
+ 0 18 04 

+47 41 12 

-43 11 29 

-21 44 21 

-40 22 44 

-37 24 4! 

- 9 52 1: 
+32 11 11 
+24 00 51 
+42 28 4! 
+24 22 O! 

+24 16 0' 
+23 51 o( 

-64 54 2 

-12 12 0, 
-23 20 3 

+24 00 2 
+65 25 4 
+71 14 1 
+23 57 2 

AK. 

1.2 
L.2 
2.9 
1.0 
1.2 

L.0 
L.4 
L.7 
3.9 
1.5 

3.9 
1.5 
1.3 
1.0 
1.1 

1.3 
3.8 
4.5 
4.3 
3.4 

4.4 
1.4 
4.6 
3.6 
3.9 

3.9 
4.1 
4.4 
4.2 
4.4 

4.6 
4.0 
3.6 
3.6 
4.7 

4.6 
3.5 
4.4 
1.1 
3.9 

4.5 
4.1 
4.3 
4.0 
4.5 

4.5 
4.3 
4.2 
3.3 

66 - 20 

SI,. 

-- 

>IO 
KO 
B1 
B1 
Ii5 

Oe5 
>IO 
AOp 
B3 
>I5 

A0 
K O  
A0 
B3p 
F2 

GO 
KO 
G5 
B3 
G5 

F5 
K2 
A2 
B9 
KO 

K O  
K5 
A3 
A2 
A5 

A5 
KO 
KO 
FO 
A5 

KO 
A01 
A3 
1;s 
KO 

KO, 1 
B2 
A 3  
K O  
M4 

F2 
B5 
B5 
F8 

FOR JAR'UARY ld.283 

aE$,!:on 
Ii m s 

3 47 43.0 
3 48 15.3 
3 52 OG.!)  
3 55 42.0 

3 56 53.0 

3 56 32.1 

3 58 14.1 
3 58 33.5 
3 58 54.3 

4 01 27.1 
4 02 48.0 
4 04 11.5 
4 06 19.8 

4 00 25.7 

4 10 18.1 

4 12 32.4 
4 12 56.4 
4 13 47.9 
4 13 47.7 
4 14 00.5, 

4 15 11.2 
4 15 55.6 
4 15 49.8 

4 17 58.2 

4 21 05.2 

4 23 27.5 
4 23 38.1 
4 24 23.4 

4 24 31.2 
4 26 44.6 
4 26 44.7 
4 26 49.9 
4 32 01.8 

4 16 40.9 

4 22 50.0 

4 32 15.2 
4 33 18.2 
4 33 53.0 
4 34 04.9 

4 34 28.0 

4 36 22.0 
4 36 42.8 
4 39 02.4 

4 39 31.7 

4 34 18.3 

4 3 4  43.1 

4 40 19.3 

4 48 06.1 
4 43 54.0 

~ec~ inn t ion  

0 I I ,  

-74 20 15 
-36 17 47 
+31 47 24 
+39 55 09 

+35 42 02 

-13 35 54 

-61 29 25 
-24 06 22 
+12 24 04 

+ 5 54 06 
+21 5'3 45 
+50 15 58 
+47 37 44 

+48 19 47 

-62 14 54 

- 6 5 5  11 

-42 22 21 
- 7 42 05 
+ 8 48 48 
-62 33 13 

-51 34 00 
-59 22 43 
+50 13 07 

+15 33 06 

+17 28 08 

+22 13 19 
+17 51 23 
+22 44 33 

+15 32 49 
+15 53 33 
+19 06 39 
+15 48 05 
+14 46 43 

-33 52 32 

-34 05 25 

-29 49 49 
-55 06 38 
+10 05 47 
+16 26 47 - 
+41 12 03 

+12 26 53 
-14 21 56 
-19 43 55 

-41 55 27 

-30 37 37 

- 3 25 00 

+22 53 49 

+ 6 54 25 
- 3 18 43 

Nnme 

y IIyi 
g Eri 
r Per 
c Per 

y Eri 

Per 
6 Ret 
#6 I*% 
k Tau 
y Ret 

Y Tau 
17 Tau 

Per 
18 Per 
01 Eri 

p Per 
a Hor 
LO Eri 

Tau 
a Ret 

y Dor 
t Ret 
b Per 

L1 Eri 
y Tau 

6 Tau 
L3 Eri 

58 Tau 
v Tau 

71 Tau 
77 Tau 

Tau 
B, Tau 
p Tau 

K Tau 

50 Eri 
a Dor 

58 Tau 
a Tau 
v Eri 

58 Per 
Y Eri 
90 Tau 
53 Eri 
54 Eri 

a cae 
T Tau 
p Eri 

*3 Ori 

FIGURE 18 -"AMERICAN EPHEMERIS" 



O.m 
0.- 
9 . I A  
0.4A O.m 
0 . I A  0.m 
9.41 
0 . 7 A  
0.- 
0.- 
0.1A 
O . u  
0.- 
0.Y 
O.m 
9.M 
0.u 
?..a 
9.M 
0.10 0.m 
1 - 1 1  
7.4A m.m 
O.m 
0.01 
O.m 
9.M 
Ov7A 
9.M 
0.u 
9.M 
O - I A  
O.M 
O.m 
9.U 
9.0. 

::3 
9.M 
OSSA 
0.W 
O . u  
0 . 0 A  

W 

I2 m 
2 

8 
R a 

b . Y  38 ::z 3 
:i: z 
1.11 4 Y n.m Y 
T.31  Y 
1.91 Y 
O - I A  Y 

Y 
Y 
Y :: 

n . 7 u  0.- 
47.417 0.0lW 
=.la 0.- 
50.- -0.- 
1.- -0.- 

W I O Y  
01 I 7  10 
0 10 5 
I1 I4 0 
I 2  I1 53 

Q 1 49 

m 10 so 
11 1 3  1 
I1 I 3  Y 

m I. a 

m 11 I 

m 17 a 

s.44 o . a ~ - 0 . 0 0 ~ l a ~ . i o l  -0.019 07 0.19 

a.s -0.010 m 0.19 
97.57 -0.- a 0.m 
u . 7 4  -0.- 0 0.10 

50. 

w 
I #  

0 #  *I 

Y . 0  17 40.a 
1T.W m - 4  Y 
S1.W IT 40.0 c5 
11.10 IO 92.1 I O  
E0.W I T  40.3 C l  
94.01 15 w.r 12 

M.n I7 40.0 19 

D:M 3 2:: :1 
5T.W 1 7 ' 4 0 . 0  

1::a I l e a  :: 17 :::: 40.0 Ao Y 

tan I 7  40.0 I O  
45.42 1) 40.0 C2 

P.U I 7  40.0 I 5  

1.40 I4 M.0  US 
1.10 I I  40.0 G¶ 

;:g :: E:: c4 
L:U k4 8::: R 
1:- I7 14 04.4 CO 
I.= 17 40.0 Y 

40*0 

- 
UI 

-- 
IO 
IO 
IO 

f: 
I* 
I 9  
I 9  
I O  
I 9  I I. 
10 
IO 
19 
ID 
CC 

10 

8 
I. 
CC 
10 
CC. 
I 4  
ID 
I. 
CC 
10 
10 cc 
I 9  
10 
CC 
19 
10 
1. 
CC 
I. 
1. cc cc 
10 
1. 
IO 

1. 
19 

n z m  

14.m 01 0 t . 3  U 
10.11 17 40.0 
M.45 15 00.0 F5 
15.- 07 99.1 A3 
17.00 I 7  40.0 
M.13 17 40.0 U 
11.- 17 40.0 u1 
b0.U 17 4 0 . 0  
Y.25 I 7  40.0 10 
M.3? 1 1  40.0 F S  

s:z 4.31 0 :: :E 03.0 en 
sa.m 17 40.0 c5 )t.m 1 7  40.0 uo 
n.cc 17 40.0 
15-11 IT 40.0 CO 
I1.m I T  40.0 F5 
10.a I? 40.0 U 
4.52 17 40.0 U 

3O.H I 7  40.0 C5 
I . 3 3  17 40 .0  C5 
l5.W I? 40.0 U 
Y.70 IO 01.. C2 
*.M 17 40.0 M 

E3.53 IO 09.. I 5  

45.15 W 04.0 C5 
11.01 I? 40.0 65 
3.- I T  40.0 I 5  

15-00 21 03.0 65 
14.91 I? 4 0 . 0  FY 
m.53 17 40.0 

9.55 17 4 0 . 0  A 0  
11.73 17 4 0 . 0  00 
3O.Y 17 40.0 65 
3 l . Y  I7 40.0 

54.02 17 40.0 F5 

%..I I T  40.0 
0 . 1 3  17 40.0 

40.10 I T  40.0 C5 
l I . o I  07 0 1 . 1  A 3  

3.10 I7 40.0 
0 . m  I7 40.0 50 
30.70 17 40.0 

r.07 it 40.0 15 

4 0 . n  17 4 0 . 0  AI 

5 0 . a  1 7  40.0 AO 

1 . w  I T  40.0 KZ 

s 9 . a  17 4 0 . 0  c y  
10.29 17 40.0 m 

cc 
I. cc cc 
IO 
IC 
19 
19 
1C 
10 
10 
19 cc 
16 
18 
IS 
IO 
I9 
l a  
18 
l e  
18 
19 
CC 
18 
c( 
1q 
c( 
19 
I @  
I @  
U 
I t  
IS 
11 

I( 
I1 
11 
If 
I1 
11 
11 
I! 
u 

n IS 

1350 A 12 Ut 
1351 A I 3  7CU 
12% A I ?  7St 
l25M A 14 Ut 

lt56 1352 A A 17 13 ms ?M 
yu - 1 1  .n 
I-). A 1 1  ms 
1E.O A 17 
1355 A 12 U. 
I L U  A IO *7? 
13% A 14 735 
lzwI A 1. Yl  

lZ.7 A 19 759 
ILU 1357 A A I D  14 e n  7 Y  

5117 15 009 
1- A IC ..O 
5720 17 771 

5731 1350 A 12 i n  
631 .u 

1359 A 11 0 4 3  
I2?4 A 17  774 
1275 A 15 W 0  
5 7 Y  14 73C 
l Z 7 S  A 1. Y 5  
1361 A 13 70@ 
lZT7 A IO 0 0  
I%$! A l t  633 
13S3 A 12 63s 
1-I A 12 OW 
lt79 A IC *wI 

1202 A 15 *?I! 
1161 A I C  692 
1?80 A IS ?O* 
1- A 12 M I  
57.7 0* 10 621 
1263 A IS 170 
1W A 14 I45 
12- A 1 9  I?3 
1369 A 13 ? I t  
1269 A 19 ?74 

1 3 ~ 5  A 1 2  .sa 

F I GURE I 9  -"SMI  T H S O N  I AN ASTROPHYS I C A L  OBSERVATORY S T A R  CATALOG''  



h 
4 

- 56 - 

YALE UNIVERSITY OBSERVATORY 

I .  

' s  

I .  

I .  

42 

- 
No 

1001 
1002 
1003 
1004 
1005 

1006 
1007 
1008 
1009 
1010 

1011 
1012 
1013 
1014 
1015 

1016 
1017 
1018 
1019 
1020 

IC21 

1022 
1023 
1024 
1025 

1026 
1027 
1028 
1029 
1030 

1031 
1032 
1033 
1034 
1035 

1036 
1037 
1038 
1039 
1040 

1041 
1042 
1043 
1044 
1045 

1046 
1047 

1048 
1049 
1050 

b - 

DM 

-44.1 590 
+55 900 
+14 720 
+ 5 678 
-49 1366 

- 8 887 
- 9 930 
-30 1883 
+52 857 

+40 lo00 

+ l 6  629 
+ 9 607 

+18 661 

-68 268 

-30 1901 
-55 663 
+53 794 
+76 174 

+53 796 

+12 618 

+18 667 
+66 343 

- 2 963 

-11 916 
-46 1466 
-14 933 
-42 1571 
+ 9 621 

-12 955 
+41 931 
+56 964 
-14 936 
+37 954 

-40 1499 
+75 189 

+20 802 
+69 271 

+43 1043 
-19 988 
+22 739 
+22 737 
+69 272 

+18 683 
+19 764 

-42 1587 

-65 361 
+27 688 

a (1900) 6 

27. 4m -44.13' 
27.9 +55 13 
28.2 +14 38 
28.5 + 5 11 
29.1 -49 33 

29.3 -43 14 
29.4 - 8 26 
29.4 - 9 11 
29.6 -29 58 
29.8 +52 42 

29.8 +41 4 
30.0 +67 24 
30.1 -68 6 - 36.2 + l6  18 
30.2 + 9 57 

31.4 +18 20 

32.0 +53 17 
32.1 +76 25 

31.7 -30 46 
31.8 -55 15 

32.5 +53 17 

32.6 +12 19 

32.7 +18 52 
32.8 +66 32 

32.6 - 2 40 

33.0 -11 14 
33.5 -46 42 
33.6 -14 30 
33.6 -42 52 
34.2 + 9 41 

34.2 -12 19 
34.5' +41 56 
34.6 +57 1 

35.0 +38 5 
34.7 -14 33 

35.1 -40 23 
35.4 +75 46 
35.4 +22 43 
35.5 +20 43 
35.7 +69 54 

35.8 +43 10 
36.1 -19 52 
36.2 +22 46 
36.2 +22 45 
36.4 +70 4 

37.0 +18 47 
37.1 +20 6 

37.4 +27 30 
37.3 -42 3 

37.6 -06 30 

Mag. Sp. HD 

11.2 K 
K1 

4.8 A 5  28910 
8.0 K 1  28946 
8.7 GO 29029 

11.9 
Ma 29064 

5.5 K2 29065 
4.6 KO 29085 
8.5 K6 232979 

4.5 29094 
11.2 K5 
7.8 GO 29137 - 1.1 K5 29139 
4.4 A3 29140 

var GO 29260 
3.9 KO 29291 
3.5 AOp 29305 
5.4 FO 2S316 
6.5 F 5  29329 

- 

29362 

4.3 A3 29388 
5.3 A5 29391 
9.3 A2 29402 
8.9 G5 29400 

10.9 MO 
11.8 

11.3 K7 m' K2 

KO 29503 

5.0 A2 29573 
7.3 G2 29587 
8.0 F8 29599 
5.6 G5 29613 
5.8 F 5  29645 

9.1 F8  29666 
6.0 FO 29678 

9.0 K3 29697 
8.8 KO 29713 

13.0 K2 

5.2 A0 29722 
4.5 Ma 29755 
4.3 B5 29763 
7.8 A1  
8.4 KO 20775 

10.0 M3 
9.2 K2 
9.5 K2 
4.5 F2 29875 
8.0 K3 29883 
Q.6 GO 29907 

&a % u cat 

Ci 20,296 
Gc 5558 
ci 18,592 

GC 5576 
GC 5577 
GC 5572 
ci 18,594 

Gc 5609 

GC 5544 
GC 5605 
GC 5599 

GC 5621 
GC 5614 
GC 5600 
GC 5659 
GC 5711 

GC 5645 
GC 5635 

GC 5688 

GC 5657 

Ci 18,601 

GC 5669 
GC 5692 

GC 5678 
GC 5701 

GC 5774 
Ci 20,301 
GC 5699 
Ci 18,007 

GC 5719 
GC 5695 
GC 5716 
GC 5715 

Ci 20,303 

GC 5708 
GC 5747 
Ci 20,302 

+!I15 + !IO9 
+.57 - .28  
+. 102 - .028 
-. 12 - .26  
-.01 + .35  

+ . l 9  + .17 
-..027 + .007 
-.037 - . lo9 
-.lo7 - .274 
+.27 - .46 

-.011 - .018 
+.24 - .28  
+.212 + .420 
+.069 - .190 
+.056 - .045 

-.014 - .007 
-.054 - .011 
+.051 - .001 
+.052 - .092 
+.073 - .132 

+.lo1 - .012 
+.042 - .058 

+.377 + .072 

- .22 + .20 
+.11 + .18 
-.073 - .158 
+. 14 + .01 
-.02 - - 3 6  

-.054 - .OO9 
+.546 - .417 
-.01 + .03 
+.122 - .125 
+.241 - .098 

+.22 + .17 
+.042 - .131 
+.37 - .57 
-.230 - .262 
+.ll - .03 

+.043 - .051 
+.023 - .094 
+.004 - .016 
-.011 - .027 
+.01 - . 05  

+.71 -1.05 

-.148 - .080 
+.065 - .241 
+.67 +1.31 

F I G U R E  PO-"GENERAL CATALOGUE OF TTi I GONOMETR I C  P A R A L L A X E S "  

Absolute r 

+!'009 13 
+ 56 7 
+ 22 6 
+ 41 13 
+ 21 14 

+ 2 2 t  12 
0 9  

+ 7 5  
+ 18 8 
+ 91 7 

+ 20* 5 
+ 12 9 
+ 14 8 

+ 30 5 

+ 1 4 t  11 - 18 12 
+ 11 11 
+ 18 8 
+ 14 10 

- 3 a 1 1  

+ 18 5 
+ 26 10 
+ 3 12 
+ 20 11 

+ 93* 11 
+ 28 13 
+ 36 7 
+ 15 12 
+ 43 8 

+ 3 4 t  11 
+ 24 6 
+ 2 13 

0 13 
+ 23 9 

+ 2 0 4  11 
+ 18 10 
+ 11 9 
+ 79 10 
+ 29 10 

+ 1 6 t  6 
+ 2 10 
+ 8 14 - 57 12 
+ Q Q  

+ 9 8 *  6 
+ 8 10 

+ 38 8 
+ 45 6 
+ 3 8  

+- 48 4 
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22 x IC 

12.7 
I2.O 
1 2 . 6  

1 2 . 5  

1 2 . 4  

- 1 2 . 2  

1 1 . 9  

11'7 
I 1'4 
11.2 

- 1 1 . 0  
10.0 

I 0 . X  
10.8 
10.8 

l l or .  
l'ar. 

8.80 

S ut  at ion 
in 

Long. 

Old. of 
Icllptlc 

23" 26 '  

45.428 
45.380 
45.337 
45'305 
45.280 

45.291 
45.311 
45.343 
45.384 
45.4IQ 

45'440 
45.435 
45.402 
4 5.34 3 
45.270 

45.204 
45.156 
45.133 
45.138 
45.162 

45.195 
45.226 
45.248 
45'254 
45.240 

45.164 
45.107 
45948 
44'993 

44'950 
44.919 
44'907 
44.914 
44'933 
44.962 
44'993 
45'013 
45.013 
44.987 

44'933 
44.862 
44,785 
44'723 
44.688 

44.682 
44-70' 

45.210 

TO obtain the longitude referred to the mean equinox of 1950.0, subtract 15' 04".9. 

FIGURE 21 -"AMERICAN EPHEMERIS" 
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FOR Oh EPHEMERIS TIME 

Apparent 
Right Ascension Date 

Apparent 
I klination 

6 
7 

-8 
9 

10 

11 

I2 

13 
14 
15 
16 
17 

0 , .  

Semi- 
diameter Radius Vrctor 

FIGURE 22 -"AMERICAN EPHEMER 

23 

Ephemerir 
Transit 

X I  56 17.99 
I I  56 16.60 - ::: 
11 56 15.79 - o,a, 
11 56 15.55 + o.34 
I I  56 15.89 o.9a 

I I  56 16-81 + I,5o 
1 1  56 18-31 
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6. CONCLUSION 

I -  

The a p p a r e n t  p l a c e  o f  a T a u r i  computed by b o t h  methods 
d i f f e r  i n  X ,  Y ,  Z by 

6X = 3 x 

6Y = 2 x 

6Z = 2 x 1 0  -8 

T h i s  r e s u l t s  i n  a n  o v e r a l l  a n g u l a r  e r r o r  o f  abou t  4 x lo-' 
r a d i a n s  which i s  comparable  t o  t h e  a c c u r a c y  ( 5  x 1 0  r a d i a n s )  
o f  t h e  s t a r  da ta  i n  t h e  "Apparent P l a c e  of  Fundamental  S t a r s . ' '  

-8 

Both methods a re  a c c u r a t e .  However, t h e  method u s i n g  
mean p l a c e  s t a r  da ta  i s  p r e f e r r e d  f o r  two r e a s o n s :  

1. T h i s  method r e q u i r e s  abou t  one-ha l f  t h e  i n p u t  
da ta  of  t h a t  r e q u i r e d  for t h e  method iusing 
a p p a r e n t  s t a r  p l a c e  d a t a .  

2 .  T h i s  method u s e s  s t a r  d a t a  t h a t  i s  a l r e a d y  r e -  
f e r r e d  to t h e  mean equa to r -equ inox  c o o r d i n a t e  
sys t em o f  t h e  n e a r e s t  B N Y ,  which i s  t h e  d e s i r e d  
s y s t e m .  

The a p p a r e n t  p l a c e  computed u s i n g  t h e  mean p l a c e  of 
c1 T a u r i  g i v e n  i n  t h e  "American Ephemeris"  d i f f e r s  from t h a t  
computed u s i n g  t h e  mean p l a c e  g i v e n  i n  t h e  APFS i n  X ,  Y ,  Z b y  

6X = 0.55 x 

6 Y  = 0 . 1 7  x 

6 Z  = 0 . 1 5  x 
-6 

T h i s  y i e l d s  an o v e r a l l  a n g u l a r  e r r o r  o f  a b o u t  .6 x 1 0  r a d i a n s  
which i s  w i t h i n  t h e  a c c u r a c y  ( 5  x r a d i a n s )  of  t h e  s t a r  
da t a  i n  t h e  A . E .  S i n c e  t h e  s e x t a n t ,  t h e  p r imary  o p t i c a l  n a v i -  
g a t i o n  i n s t r u m e n t  f o r  Apol lo ,  c a n  o n l y  be p o s i t i o n e d  t o  10" 
( 5  x r a d i a n s ) ,  t h e  mean p l a c e s  o f  s t a r s  t a k e n  from t h e  
A . E .  i s  s u f f i c i e n t l y  a c c u r a t e .  
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A P P E N D I X  A 

L 

R E L A T I V I S T I C  A B E R R A T I O N  

R i q o r o u s l y ,  t h e  d i r e c t  a d d i t i o n  o f  v e l o c i t y  v e c t o r s  
u sed  t o  d e t e r m i n e  t h e  s t a r ' s  a p p a r e n t  p l a c e  t o  a moving obse rv -  
er i s  i n c o r r e c t .  An exact t r e a t m e n t ,  based  on r e l a t i v i t y  
t h e o r y ,  i s  g i v e n  i n  t h i s  appendix .  From t h i s  e x a c t  e q u a t i o n  
f o r  t h e  s t a r ' s  a p p a r e n t  p l a c e ,  e q u a t i o n s  f o r  b o t h  r e l a t i v i s t i c  
and n o n - r e l a t i v i s t i c  a b e r r a t i o n  a r e  found .  

C o n s i d e r  a r e f e r e n c e  and o b s e r v e r  t h a t  i n s t a n t a n e -  
ously occupy t h e  same p o i n t  i n  s p a c e .  However, t h e  o b s e r v e r  
i s  moving r e l a t i v e  t o  t h e  r e f e r e n c e  w i t h  a v e l o c i t y  of v .  
Put  two o r t h o g o n a l  c o o r d i n a t e  s y s t e m s ,  K and K', w i t h  t h e i r  
o r i g i n s  on t h e  r e f e r e n c e  and t h e  o b s e r v e r  r e s p e c t i v e l y .  S i n c e  
a b e r r a t i o n  i s  a p h y s i c a l  phenomena, t h e  o r i e n t a t i o n  of c o o r d i -  
n a t e  s y s t e m s  does  n o t  m a t t e r .  However, a good c h o i c e  can  s i m -  
p l i f y  t h e  ma themat i c s .  F i r s t ,  o r i e n t  b o t h  K and K '  s o  t h e y  
are  congruen t  t o  each  o t h e r .  Second,  o r i e n t  them s o  t h e  v e l o -  
c i t y  v e c t o r  i s  a l o n g  one of t h e  axes (make i t  t h e  x a x i s ) .  
And t h i r d ,  o r i e n t  them so t h e  r e f e r e n c e  d i r e c t i o n  t o  t h e  s t a r  
l i e s  i n  one o f  t h e  p l a n e s  d e f i n e d  b y  t h e  axes (make i t  t h e  x-y 
p l a n e ) .  A l l  o f  t h e  above i s  shown i n  F i g u r e  1. 

Y , Y '  

x , x '  
z, z '  

FIGURE I 

A d d i t i o n a l l y ,  u& i s  t h e  u n i t  a p p a r e n t  d i r e c t i o n  toward t h e  

s ta r  from t h e  r e f e r e n c e .  

- 
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The c o o r d i n a t e  system o f  t h e  o b s e r v e r  (K') and 
t h e  r e f e r e n c e  ( K )  c a n  be r e l a t e d  by t h e  L o r e n t z  t r a n s f o r -  
m a t i o n s .  They  a r e  as follows: 

x - V t  x' = d-- C 

Y '  = Y 

z' = z 

V 
t' = -7" 

, 

d l  - $ 
C 

(4) 

E q u a t i o n s  (1) th rough  (4) are  d i f f e r e n t i a t e d  w i t h  
r e s p e c t  to t ' .  Then, 

v - v  X 

vvx ( 5 )  
1 - -  2 

C 

vy 
;i 
2 

and s i n c e  v = 0 , 
Z 

v '  = 0 z ( 7 )  
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Y , Y '  

. 

x ,  x '  

FIGURE 2 

In Figure 2, 0 is the angle between the light ray and the 
x axis. The ray is directed toward the reference R. Thus 

vx = -c cos 0 ( 8 )  

and 

v = -c sin 0 (9) 
Y 

Substitution of equations (8) and (9) in (5) and 
(6), plus some manipulation, yield formulas for the direction 
of light to the moving observer. 

v cos  0 + - 
C 

v 1 + - cos 0 
cos 0' = 

C 

sin 0 C 
sin 0' = I T  

1 + y C cos 0 

where O ' ,  as shown in Figure 3, is the angle between the light 
ray toward the observer and the x axis. 
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x , x '  
FIGURE 3 

The result can be expressed vectorially by 

- - 
u 1  u '  = sin 0 '  
RC Y 

- 
where uic is the unit apparent direction toward the star from 
the observer, 
ponents of the K system by 

The unit vector EAc can be expressed in com- 

and 

Y 
v -  (cos 0 + -> u + e x  - 

C u' = 
RC 1T 

1 + 1 cos 0 
C 
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A b e r r a t i o n  (A0)  i s  e q u a l  to 0 minus 0', and i s  
o b t a i n e d  by  v e c t o r  m u l t i p l i c a t i o n  o f  and u' 

RC RC 

- s i n  no = u - x u '  
RC RC 

[l -+$cos 0 +: 
C 
v s i n  A 0  = s i n  0 

1 + - c o s  0 
C 

When V < <  e ,  one o b t a i n s  t h e  n o n - r e l a t i v i s t i c  a b e r r a t i o n  
f o r m u l a  

(18) v s i n  A0 = - s i n  0 c 

I n  t h e  example of t h e  e a r t h  o r b i t i n g  t h e  s u n ,  t h e  
d i f f e r e n c e  between r e l a t i v i s t i c  a b e r r a t i o n  ( A @ )  and non- 
r e l a t i v i s t i c  a b e r r a t i o n  ( A 6 )  i s  found .  I n  t h i s  c a s e ,  t h e  
a b e r r a t i o n  i s  small enough t h a t  

A0 = s i n  A 0  

i s  v a l i d .  

The d i f f e r e n c e  between t h e  two t y p e s  o f  a b e r r a t i o n ,  

i s  o b t a i n e d  by s u b t r a c t i n g  e q u a t i o n  ( 1 8 )  from e q u a t i o n  ( 1 7 )  

[I - < C - 4741 C s i n  2 0  

v 6 =  
2 (1 + c c o s  0 )  
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By expanding  t h e  r a d i c a l  i n  e q u a t i o n  ( 1 4 )  and n e g l e c t i n g  a l l  
terms above t h e  second power, one o b t a i n s  

v2 . 5  7 s i n  20 
6 =  - c 

v 2(1 -t c c o s  0) 

The o r b i t a l  v e l o c i t y ,  V ,  o f  t h e  e a r t h  i s  a p p r o x i -  
m a t e l y  30 km/sec and the speed  o f  l i g h t ,  e ,  i s  approx ima te ly  
3OO,OOO km/sec. Hence, 

C o n s i d e r  t h e  c a s e  where 0 = 4 5 O  which maximizes the e x p r e s s i o n .  
Then s u b s t i t u t e  these i n t o  e q u a t i o n  ( 2 2 ) ;  one o b t a i n s  

S i n c e  t h e  mean p l a c e s  of  s t a r s  g i v e n  i n  t h e  "Apparent P l a c e s  
of Fundamental  S t a r s "  i s  a c c u r a t e  t o  on ly  5 x lo-*, r e l a -  
t i v i s t i c  a b e r r a t i o n  p r o v i d e s  more a c c u r a c y  t h a n  can  b e  u s e d .  

. 
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THE E TERMS OF ABERRATION 

The g e n e r a l  p r a c t i c e  of  a l l  mean p l a c e  c a t a l o g s  o f  
s t a r s  i s  t o  i n c l u d e  t h e  s o - c a l l e d  "E terms o f  a b e r r a t i o n "  i n  
t h e  s t a r ' s  mean p l a c e  because  these terms are r e l a t i v e l y  
c o n s t a n t  o v e r  l o n g  p e r i o d s  o f  t i m e .  T h i s  p r o c e d u r e  r e d u c e s  
t h e  computa t ion  r e q u i r e d  t o  o b t a i n  a s t a r ' s  a p p a r e n t  p l a c e  
from ea r th  because  v e l o c i t y  tables  o f  t h e  e a r t h  a re  n o t  re-  
q u i r e d .  G e n e r a l l y ,  t h e  E te rms  of a b e r r a t i o n  are d e s c r i b e d  
as t h e  a b e r r a t i o n  caused  by t h e  e c c e n t r i c i t y ,  t h e  d e p a r t u r e  
from c i r c u l a r  mo t ion ,  o f  t h e  e a r t h ' s  o r b i t  a round t h e  sun .  
A s  w i l l  be  shown, t he  E terms o f  a b e r r a t i o n  are caused  b y  
one o f  two c o n s t a n t  magnitude v e l o c i t y  v e c t o r s  u sed  t o  
d e s c r i b e  t h e  e a r t h ' s  o r b i t .  The c o n s t a n t  magni tude  v e c t o r s  
are  d e r i v e d  f i r s t .  Then, t h e  a b e r r a t i o n  caused  by e a c h  o f  
t hese  v e c t o r s  a r e  d e r i v e d ,  and r e l e v a n t  comments on t h e  
E terms are g i v e n .  

The ever -changing  t a n g e n t i a l  v e l o c i t y  o f  one body 
o r b i t i n g  a n o t h e r  i n  an e l l i p t i c a l  p a t h  can  be e x p r e s s e d  by two 
v e c t o r  components i n  an o r t h o g o n a l  c o o r d i n a t e  sys t em.  By a 
t r a n s f o r m a t i o n ,  t h e s e  v e c t o r s  can  b e  e x p r e s s e d  b y  two c o n s t a n t  
magni tude  v e c t o r  components i n  a moving o b l i q u e  c o o r d i n a t e  
s y s t e m .  The a n g l e  between these c o n s t a n t  magni tude components 
a c c o u n t s  for t h e  change i n  t h e  magnitude and the  d i r e c t i o n  of 
t h e  o r b i t a l  v e l o c i t y  v e c t o r .  

It i s  d e s i r e d  t o  express  t h e  p o s i t i o n  and v e l o c i t y  
i n  a p l a n e  o r t h o g o n a l  c o o r d i n a t e  s y s t e m  d e f i n e d  by the-ear th 's  - 
o r b i t a l  p l a n e .  One axis i s  a l o n g  i t s  p o s i t i o n  v e c t o r  r ; u i s  
a u n i t  v e c t o r  a l o n g  t h i s  a x i s .  The o t h e r  ax is  i s  p e r p e n d i c u l a r  
t o  r i n  t h e  d i r e c t i o n  of  i n c r e a s i n g  t r u e  anomaly f ; u 
u n i t  v e c t o r  a l o n g  t h i s  a x i s .  The p o s i t i o n  v e c t o r  can  b e  e x p r e s s e d  
by 

r 

i s  t h e  
- 
f 

- - 
r = r u  r 

The t a n g e n t i a l  ( o r  o r b i t a l )  v e l o c i t y  i s  found by d i f f e r e n t i a t i n g  
e q u a t i o n  (1) w i t h  r e s p e c t  t o  t i m e .  



. 
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df  - - * -  
VT = r ur + r v u f  

One can  f i n d  t h e  magni tude  of t h i s  p o s i t i o n  v e c t o r  from t h e  
e q u a t i o n  o f  a c o n i c  

2 
h u  

l+e cos  (f-0) 
r =  

where 

h = a n g u l a r  momentum c o n s t a n t  
u = two body g r a v i t a t i o n a l  c o n s t a n t  
e = e c c e n t r i c i t y  of' the c o n i c  
w = argument of  p e r i c e n t e r  
- 

D i f f e r e n t i a t i n g  e q u a t i o n  ( 3 )  w i t h  r e s p e c t  t o  t i m e  g i v e s  

df  2 h e sin (f-w) 

p [ l + e  cos  ( f - w ) ]  -2 df 
y = -  

and f r o m  t h e  c o n s e r v a t i o n  of a n g u l a r  momentum, 

r 2 - = h  df  
d t  

( 3 )  

(4) 

( 5 )  

S u b s t i t u t i o n  o f  e q u a t i o n s  ( 3 ) ,  (4), and ( 5 )  i n t o  e q u a t i o n  ( 2 )  
and  some m a n i p u l a t i o n  y i e l d s  

f o r  t h e  t a n g e n t i a l  v e l o c i t y .  
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E q u a t i o n  ( 6 )  can b e  w r i t t e n  

. 

VT = vr ur + Vf Uf 

where t h e  v e l o c i t y  components Vr and V are  r e s p e c t i v e l y  f 

( 7 )  

and  

[I-e c o s  ( f - E ) ]  (9) vf - f; 
- l J  

One now t r a n s f o r m s  from t h e  o r t h o g o n a l  p o l a r  
c o o r d i n a t e s  t o  t h e  moving o b l i q u e  c o o r d i n a t e s  ( see  Mathematics  
of  C i r c u i t  A n a l y s i s  by  Gu i l l emin ,  p .  85-93) d e f i n e d  b y  two 
v e l o c i t y  v e c t o r s  where one i s  p e r p e n d i c u l a r  t o  t h e  r a d i u s  v e c t o r  (v?) and t h e  o t h e r  (72) i s  p a r a l l e l  t o  t h e  semi-minor a x i s  o f  
t h e  o r b i t  e l l i p s e .  Thus,  t h e  v e l o c i t y  v e c t o r  can  be r e p r e s e n t e d  
also b y  

The v e c t o r  r e l a t i o n s  a re  shown i n  F i g u r e  1. 

e 

FIGURE i 
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One e x p r e s s e s  the o r t h o q o n a l  components i n  terms of  t h e  
o b l i q u e  components by  

Then, t ake  t h e  i n v e r s e  o f  t h e  t r a n s f o r m a t i o n  m a t r i x  t o  s o l v e  
f o r  v{ and VF, 

One o b t a i n s  

v* = % 
b h  

and 

The a b e r r a t i o n  caused by e a c h  o f  t h e s e  v e l o c i t y  
v e c t o r s  can  b e  found u s i n g  t h e  e q u a t i o n  ( e q u a t i o n  12) f o r  t h e  
a p p a r e n t  p l a c e  due t o  a b e r r a t i o n  g i v e n  i n  t h e  t e x t .  

v u a = unit(CiRC + c) - 

The r e f e r e n c e  ( G R c >  and t h e  a p p a r e n t  

indicated i n  F i g u r e  2 .  

d i r e c t i o n  a re  



. 
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. 

FIGURE 2 

Drop t h e  u n i t i z e  s lmbo l  o f  e q u a t i o n  ( 1 5 ) .  Then, t ake  t h e  
v e c t o r  p r o d u c t  o f  u and  t h e  right side o f  e q u a t l o n  15 t o  
o b t a i n  t h e  a b e r r a t i o n  he (shown i n  F i g u r e  2 ) .  

R 

- - - 77 s i n  A8 = u x u + uRC x - RC RC C 

s i n  A O  = 1 s i n  e 
C 

For small A e ,  

V a e  = - s i n  e 
C 

The a b e r r a t i o n  due t o  e a c h  v e l o c i t y  component can  be found b y  
s u b s t i t u t i n g  V* and Vz for V i n  e q u a t i o n  1 8 .  
caused  by V* i s ,  

The a b e r r a t i o n  f 

f 
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I 

. 
, 

and caused  b y  V{ i s ,  

2 2 3  The e a r t h ' s  o r b i t  i s  e l l i p t i c a l ,  s o  u = ( 2 ~ )  /T a and 
h = ( ~ I T / T )  a (l-e2)1'2. S u b s t i t u t i n g  t hese  q u a n t i t i e s  i n t o  t h e  
eq -ua t ions  o f  a b e r r a t i o n ,  one r e c o g n i z e s  t h e  f a c t o r  

2 

L =  2~ a 
c h  2 1/2 cT( 1-e ) 

(21) 

to be t h e  f o r m a l  d e f i n i t i o n  (see ' T e x t  Book on S p h e r i c a l  
Astronomy", b y  Smar t ,  page 185) f o r  t n e  c o n s t a n t  o f  a h e r r a t i o n  
( K ) .  The c o n s t a n t  i s  equa l  t o  20'!496 based on t h e  v a l u e  o f  a ,  
t h e  semi-major a x i s ;  o f  e ,  t h e  e c c e n t r i c i t y ;  o f  c ,  t h e  speed o f  
l i g h t ;  and o f  T ,  t h e  p e r i o d  o f  r o t a t i o n ,  a d o p t e d  b y  t h e  
I n t e r n a t i o n a l  As t ronomica l  Union ( I A U ) .  

The a b e r r a t i o n  caused b y  V F  i s ,  

A 8  = K s i n  e 

and b y  V$ i s ,  

A 0  = e K  s i n  8 

A b e r r a t i o n  can a l s o  b e  expressed as a s h i f t  i n  l o n g i -  
t u d e  ( A X )  and l a t i t u d e  ( A B ) .  
a t  X ,  b u t  appears a t  X1 because of a b e r r a t i o n .  
a b e r r a t i o n  i s  small ,  one c o n s i d e r s  t h e  XXIY to be a p l a n e  

I n  F i g u r e  3 ,  a s t a r  i s  l o c a t e d  
S i n c e  s t e l l a r  

t r i a n g l e ;  @ i s  e q u a l  t o  t h e  a n g l e  YXXl o f  t h i s  t r i a n g l e  
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. 

FIGURE 3 

Then, 

and 

XY = - A B ,  YX1 = A A  cos '$ 

ECL I PT I C 

" 

h 



, 
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. 

h 

Again one s o l v e s  f o r  t h e  a b e r r a t i o n  caused  by e a c h  
v e l o c i t y  v e c t o r .  S e t  V = V*, make a p p r o p r i a t e  s u b s t i t u t i o n s ,  
and s o l v e  f o r  A A  and A B .  

f 

A A  = K s i n  0 s e c  B (26) 

A B  = -K s i n  e c o s  I$ ( 2 7 )  

Applying t h e  s i n e  formula to t h e  s p e r i c a l  t r i a n g l e ,  XSQ, y i e l d s  

s i n  e s i n  cp = c o s ( x V  - A * )  s i n  B (29) 

where A v  i s  t h e  l o n g i t u d e  o f  t h e  v e l o c i t y  v e c t o r ,  and 1, i s  t h e  

l o n g i t u d e  o f  t h e  s t a r .  F i g u r e  4 shows t h e  a p p a r e n t  o r b i t  o f  t h e  
sun  abou t  t h e  ea r th .  

FIGURE 4 
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I n  t h e  f i g u r e ,  t h e  sun  leads v; b y  90'. Thus,  

x v  = A @  - goo ( 3 0 )  

where X o  i s  t h e  l o n g i t u d e  o f  t h e  sun .  
a re  made, one o b t a i n s  t h e  f i n a l  e q u a t i o n  of  a b e r r a t i o n  caused  

I f  a l l  t h e  s u b s t i t u t i o n s  

by q, 

A A  = --IC s e c  B c o s  ( A o  - A + )  

and 

The a b e r r a t i o n  caused  b y  vz i s  o b t a i n e d  by u s i n g  
e q u a t i o n  2 3  f o r  A 6  and l e t t i n g  A v  be  t h e  l o n g i t u d e  of  t h e  
v e l o c i t y  v e c t o r ,  v!. 
t h e  sun .  

F i g u r e  5 shows t h e  e a r t h ' s  o r b i t  abou t  

v* 
b 

EARTH 

FIGURE 5 
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I n  t h e  f i g u r e ,  v i l e a d s  t h e  argument o f  p e r i c e n t e r  w 
b y  90". Thus 

- 
A V  = w + 90" (33) 

Theref o r e  

One r e c o g n i z e s  e q u a t i o n s  (34) and ( 3 5 )  to b e  t h e  f o r m a l  d e f i n i t i o n  
o f  t h e  s o - c a l l e d  E - t e r m s  o f  a b e r r a t i o n  ( see  page 48 of  t h e  
"Exp lana to ry  Supplement i n  t h e  Ephemer is" )  which are  i n c l u d e d  
i n  t h e  s t a r ' s  mean place g iven  i n  a l l  mean p l a c e  c a t a l o g s  o f  
s t a r s .  

There  are  some i m p o r t a n t  c o n c l u s i o n s  t h a t  can be 
b a s e d  on these d e r i v a t i o n s .  F i r s t ,  one n o t e s  t h a t  i n  t h i s  
d e r i v a t i o n  t h e r e  has been  no ment ion  of c i r c u l a r  mot ion .  Some 
might  c o n s i d e r  t h e  a b e r r a t i o n  e x p r e s s e d  b y  e q u a t i o n s  (31) and 
( 3 2 )  as that due to mean c i r c u l a r  mot ion  s i n c e  t h e  v e l o c i t y  
magni tude  i s  c o n s t a n t  and i s  based on t h e  mean d i s t a n c e  o f  t h e  
ear th  from t h e  s u n .  However, r e c a l l  t h a t ,  i n  t h i s  d e r i v a t i o n ,  an 
e l l i p s e  was used  t o  f i n d  V* 
t h e  r e a l  p o s i t i o n  o f  t h e  e a r t h  r e l a t i v e  t o  t h e  sun .  T h i s  means 
t h a t  i n  any r e d u c t i o n  from mean t o  a p p a r e n t  p l a c e ,  one u s e s  t h e  
g e o m e t r i c  l o n g i t u d e  (or t r u e  anomaly)  o f  e a r t h  and n o t  t h e  
mean anomaly. Second, t h e  E - t e r m  of a b e r r a t i o n  i s  t h a t  caused  
b y  t h e  v e l o c i t y  component i n  t h e  d i r e c t i o n  of  t h e  semi-minor 
a x i s ;  i t  i s  n o t h i n g  more or l e s s  t h a n  t h a t .  I n  t h i s  s e n s e ,  t h e  
E - t e r m s  of  a b e r r a t i o n  d o  n o t  i n c l u d e  a l l  t he  e f f e c t s  o f  t h e  
e c c e n t r i c i t y  o f  t h e  e a r t h ' s  o r b i t  abou t  t h e  sun .  

The d i r e c t i o n  o f  vF i s  based on f '  

. 
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APPEIJDIX C 

N U T A T I O N  

The r i g o r o u s  n u t a t i o n  m a t r i x  r e l a t i n g  t h e  t r u e  
equa to r -equ inox  c o o r d i n a t e s  of  d a t e  to t h e  mean e q u a t o r -  
equ inox  c o o r d i n a t e s  o f  d a t e  r e q u i r e  t h e  u s e  of b o t h  t h e  
t r u e  o b l i q u i t y  ( € )  and t h e  mean o b l i q u i t y  ( € o ) ,  T h i s  i s  
b e c a u s e  b o t h  c o o r d i n a t e  s y s t e m s  a re  d e f i n e d  r e l a t i v e  to 
t h e  e c l i p t i c  s y s t e m .  Hence a t r a n s f o r m a t i o n  from one 
sys tem of d a t e  to t h e  o t h e r ,  must f o l l o w  t h e  sequence :  
True  E q u a t o r i a l - E c l i p t i c - M e a n  E q u a t o r i a l .  
t r u e  to mean, t h e  t r a n s f o r m a t i o n  i s  g i v e n  by t h e  f o l l o w i n g  
t h r e e  r o t a t i o n s .  The f i r s t  r o t a t i o n  i s  abou t  t h e  t r u e  
equ inox  b y  a n  a n g l e  o f  € ;  t h e  second ,  a b o u t  t h e  e c l i p t i c  
n o r t h  p o l e  by a n  a n g l e  of A $ ;  and t h e  t h i r d ,  abou t  t h e  
mean equinox by a n  a n g l e  of - e o .  
m a t r i x  i s :  

I n  t h e  d i r e c t i o n ,  

The e n t i r e  t r a n s f o r m a t i o n  

where I1s" and ' I  c " s t a n d  f o r  s i n e  and c o s i n e  r e s p e c t i v e l y .  

Each of t h e  terms i n  t h e  n u t a t i o n  m a t r i x  c o u l d  be  
r e p r e s e n t e d  by Ita 
and t h e  " j l ' t h  column. By r e c o g n i z i n g  t h a t  

" which d e n o t e s  t h e  t e r m  i n  t h e  " i " t h  row 
i j  

and by some m a n i p u l a t i o n ,  one o b t a i n s  

= a  = 1  
all = "22 33 

and 

= - A € ¶  a = AE a 3 2  23 
where 

( 3 )  

(4) 
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The f o l l o w i n g  r e l a t i o n s  are v a l i d  w i t h  n e g l i g i b l e  e r r o r :  

A $  = s i n  A $  

A €  = s i n  A €  ( 5 )  

Then, 

(6) 0 
= - A $  s i n  € a31  = - A $  c o s  co , a 2 1  

and 

a12 = A $  c o s  e o  - A ~ A E  s i n  eo ( 7 )  

S i n c e  t h e  p r o d u c t  of A $ A 6  i s  g e n e r a l l y  e q u a l  t o  lo-' ( w i t h i n  
an o r d e r  o f  m a g n i t u d e ) ,  t h e  second term o f  e q u a t i o n  ( 7 )  p r o v i d e s  
more a c c u r a c y  t h a n  can  be  u s e d ;  t h e  s t a r  p l a c e s  i n  t h e  "Apparent 
P l a c e  o f  Fundamental  S t a r s "  are  g i v e n  o n l y  t o  5 x 10-8. 

Hence, 

a = A $  cos  t 12 

a13 = A $  s i n  € o  

a n d ,  s i m i l a r l y ,  

( 9 )  

The f i n a l  n u t a t i o n  m a t r i x  i s  as f o l l o w s :  

X Y Z 

1 A $  cos  € o  A E  s i n  € o  'm 

'm 

'm 

(10) - A $  C O S  to 1 A E  

- A $  s i n  L o  -A C 1 

where one n o t e s  t h a t  t h e  mean o b l i q u i t y  (eo )  can b e  used  
t h r o u g h o u t .  By a s imi l a r  a rgument ,  one c o u l d  a l s o  show t h a t  
the use of  t h e  t r u e  o b l i q u i t y  i s  e q u a l l y  v a l i d .  
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APPENDIX D 

Time of Greenwich Transit 

c 

9 

I .  

A star's apparent place in the "Apparent Places 
of Fundamental Stars"(APFS) is given at the time the star 
transits the Greenwich meridian. The problem is t o  deter- 
mine that time. 
mines the time of transit at any meridian. Obviously, stars 
with different positions (right ascension) along the equator 
cannot transit a meridian at the same time. Therefore, the 
time scale given in the APFS gives only the approximate 
time of transit. 

The right ascension of a star uniquely deter- 

A more accurate determination of the time of tran- 
~ L L  ,.< 4 is based on the appareiit place of' the star given in the 
APFS, and the apparent sidereal time (A.S.T.). Because the 
star's apparent place is referred to the true equator-equinox 
coordinate system with the omission of the short period terms 
of nutation, this coordinate system is the reference system 
for the subsequent derivation. Specifically, all right ascen 
sions are measured from the equinox defined by the intersec- 
tion of the reference system and the ecliptic system at the 
approximate time of transit. Values of the A.S.T. at Green- 

- 

h wich, at 0 U.T. and referred to the reference system are also 
tabulated in the APFS. 

The time of transit is desired in universal time. 
Hence, one applies 

(1) h U.T. = G.H.A.M.S. - 12 

where G.H.A.M.S. is the hour angle of the mean sun measured 
positive to the west from Greenwich along the true equator. 
The effect on the equatorial plane due t o  the short period 
terms of nutation is minor and can be ignored. Then, the 
G.H.A.M.S. can be related to the A.S.T. by 

A.S.T. = G.H.A.M.S. + R.A.M.S. ( 2 )  

where R.A.M.S. is the right ascension of the mean sun. The 
right ascension of the star R.A.X. also can be related to the 
A.S.T. by 

A.S.T. = G.H.A.X. + R.A.X. ( 3 )  
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where the G.H.A.X. is the hour angle of the star from the 
Greenwich meridian. Then, one equates the right hand sides 
of equation (2) and (3). This yields, 

c 

H.A.X. t R . A . X .  = H.A.M.S. + R . A . M . S .  (4) 

Since the star transits at Greenwich, 

G . H . A . X .  = 0 (5) 

Substituting equations (1) and (5) into (4) yields 

R.A.X. = U.T. - 12h + R . A . M . S .  (6) 

The time of transit is given by 

(8) h U.T. = R.A. X - A . S . T .  
0 U . T .  

in units of sidereal time. Equation (8) is represented pic- 
torially in Figure 1, where G is the intersection of the 
Greenwich meridian with the equator. T is the equinox, and X 
is the star's position relative to the equator. 

FIGURE I 
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The p o s i t i o n s  of 'r and X change o n l y  a small amount d u r i n g  a 
day  w h i l e  G ,  a m e r i d i a n , h r o t a t e s  w i t h  t h e  e a r t h .  S i n c e  t h e  
A.S.T. i s  s p e c i f i e d  a t  0 U.T., t h e  i n t e r v a l ,  G . X . ,  d e t e r m i n e s  
t h e  t i m e  t h e  s t a r  w i l l  t r a n s i t .  T h i s  i n t e r v a l  must be con- 
v e r t e d  i n t o  u n i t s  of  t h e  mean s o l a r  d a y .  The  c o n v e r s i o n *  i s  

d 1 s i d e r e a l  day  = a .9972697 mean days  

The t ime  of  t r a n s i t  i n  mean s o l a r  d a y s  i s  

U.T. = 0.9972697 (R.A.X. - A.S.T. h ) + d  
0 U . T .  

( 9 )  

where R . A . X .  and A.S.T. a r e  i n  f r a c t i o n a l  p a r t s  of  a s ide rea l  
day  and d i s  t h e  i n t e g e r  mean day c o r r e s p o n d i n g  to t h e  t a b u l a t e d  
A.S.T. 

A 

*The s c a l e  of measure o f  G X  i s  t h e  t r u e  s i d e r e a l  day  w i t h  
t h e  omiss ion  of t h e  s h o r t  p e r i o d  terms of n u t a t i o n .  Conver s ion  
i s  d e f i n e d  o n l y  f o r  mean S.T. t o  U . T .  because  of t h e  v a r i a b i l i t y  
of  t r u e  S.T. measure  caused  by n u t a t i o n .  R i g o r o u s l y ,  i n  t h i s  
c a s e ,  one c o n v e r t s  f rom t r u e  S . T .  t o  mean S . T .  by a p p l y i n g  t h e  
d i f f e r e n c e  of t h e  l o n g  p e r i o d  " e q u a t i o n  o f  t h e  equ inoxes"  o v e r  
t h e  i n t e r v a l  of G X .  T h i s  c o r r e c t i o n  i s  q u i t e  small and 
t h e r e f o r e  i s  i g n o r e d .  


